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Preface 


The surgical management of urinary stone disease has advanced quite dramatically since the 
introduction of shock wave lithotripsy (SWL), percutaneous nephrolithotomy (PCNL), 
ureteroscopy (URS), and more recently retrograde intrarenal surgery (RIRS) with small, 
flexible fiber-optic ureteroscopes. As a result, “cutting for stones” has become a rare procedure. 
These minimally invasive techniques are now used in the pediatric population as well with 
great safety and success. 

In the practice of medicine, it is far more important to prevent a disease than try to treat it 
once the symptoms have manifested. In this respect, our understanding on how stones form has 
also advanced significantly, particularly in the last decade. It is also being recognized that 
while it is possible to remove the stones with minimal morbidity, it is far better and more eco- 
nomical if stones can be prevented. 

Given such advances, there is the need for a “text book” that brings together all aspects of 
urinary stone disease, and we have been fortunate to be able to recruit experts and opinion 
leaders from 15 countries across the globe to contribute. The book consists of 60 chapters 
divided into nine sections. The first three sections are devoted to basic sciences on subjects 
ranging from epidemiology of urinary calculi to shock wave physics. The fourth section deals 
with diagnostic, laboratory, and research methods in the diagnosis and investigation of stones. 
Stone disease in children is dealt with in Chap. 5 followed by three sections on surgical man- 
agement of stones. Finally there is an entire section on medical management of stones. Most 
of the chapters are highly illustrated with diagrams, photographs, and X-rays. 

We believe that this is the most comprehensive reference book on urinary stones currently 
available. In a work of this nature, there is bound to be some overlap between some of the 
chapters. However, this only enhances the information provided rather than being repetitive. 
We hope that this book would be of value and interest to urological surgeons, physicians with 
an interest in urolithiasis, scientists with a research interest as well as other health care profes- 
sionals dealing with stones. 


P. Nagaraja Rao 
Glenn M. Preminger 
John P. Kavanagh 
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Gary C. Curham 


Abstract Substantial progress has been made in our understanding of the epidemiology of 
nephrolithiasis. Epidemiologic studies have quantified the burden of this common and painful 
condition, and they have expanded our understanding of risk factors for stone disease. A vari- 
ety of dietary, non-dietary, and urinary risk factors contribute to the risk of stone formation, 
and the importance of these varies by age, sex, and body mass index (BMI). Scientifically, 
results from these studies have forced a reappraisal of our view of risk factors for stone dis- 
ease. Importantly, the results from epidemiologic studies can be considered in the clinical 
setting when devising treatment plans for reducing the likelihood of stone formation. 


1.1 Introduction 


Nephrolithiasis is acommon and complex disorder. Epidemio- 
logic studies have quantified the burden of disease and have 
identified a variety of risk factors, which may help improve 
our understanding of the pathophysiology as well as lead to 
new approaches to reduce the risk of stone formation. 


1.2 Prevalence 


The prevalence of nephrolithiasis — defined as a history of 
stone disease — varies by age, sex, race, and geography. The 
prevalence increases with age, and the lifetime risk of stone 
formation in the USA exceeds 12% in men and 6% in 
women.'” The prevalence appeared to be increasing in the 
last quarter of the twentieth century for men and women, 
whether black or white’ (see Figs. 1.1 and 1.2). A history of 
stone disease in the USA is most common among older white 
males (~12%) and lowest in younger black females (~1%); 
frequencies for Asians and Hispanics fall in between.’ 
Increased detection of asymptomatic stones resulting from 
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the increasing use and sensitivity of radiologic studies may 
explain, in part, the rise in prevalence. 

Few population-based studies of the prevalence of neph- 
rolithiasis have been conducted outside of the USA. 
Prevalence of stone disease has increased in Japan* and 
Germany." 

A study of more than one million individuals found geo- 
graphic variability with a north-south and west-—east gradi- 
ent; the highest prevalence of self-reported nephrolithiasis 
was in the Southeastern USA.° 

A decrease in the male-to-female ratio was suggested by 
a recent study of hospital discharges.’ Data from the 
Nationwide Inpatient Survey between 1997 and 2002 found 
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Fig. 1.1 Prevalence of stone disease by sex and age (Adapted and 
reprinted from Ref.’ Copyright 2003, with permission from Nature 
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Fig. 1.2 Prevalence of stone disease by race and age (Adapted and 
reprinted from Ref.’ Copyright 2003, with permission from Nature 
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a male to female ratio 1.3:1; substantially lower than the 
commonly reported ratio of 2—3:1. Population-based studies 
of this interesting observation are needed. 


1.3 Incidence 


The incidence of nephrolithiasis — defined as the first stone 
event — varies by age, sex, and race. As with prevalence, 
white males have the highest incidence rates. In men, the 
incidence begins to rise after age 20, peaks between 40 and 
60 years at ~3/1,000/year and then declines.'*’ In women, 
the incidence is higher in their late twenties at 2.5/1,000/year 
and then decreases to 1/1,000/year by age 50, remaining at 
this rate for the next several decades.'°"'! 

A recent study from Rochester, Minnesota, raised the pos- 
sibility that incidence rates may be decreasing. Using the 
same methodology as a study performed 30 years earlier, the 
recent study reported incidence rates since 1990 may be fall- 
ing in men and have leveled off in women.'* Because there 
were only 157 cases in men and 91 in women, additional 
larger studies are needed to explore this important issue. 


1.4 Recurrence Rates 


Few studies provide reliable information on recurrence rates. 
Case series suggested 30-40% percent of untreated individuals 
will form another stone within 5 years after the initial episode. 
Obviously, the risk of recurrence is influenced by a variety 
of factors including stone type and urinary composition. 
Fortunately, randomized trials demonstrated that interventions 
can reduce the likelihood of recurrence by 50% or more.'*'° 
These interventions emphasize that prevention of stone recur- 
rence is possible. 


1.5 Risk Factors 


Information on the importance of a variety of risk factors for 
stone formation has increased substantially over the past sev- 
eral decades. Risk factors are generally divided into non- 
dietary, dietary, and urinary. 


1.5.1 Non-dietary 


1.5.1.1 Family History 


Studies of twins and populations have demonstrated that the 
common forms of stone disease are heritable.” The risk of 
stone formation is twofold higher in individuals with a family 
history of stone disease.'* The increased risk is likely due to 
both genetic predisposition and similar environmental expo- 
sures (e.g., diet). Genetic causes of rare forms of nephro- 
lithiasis (e.g., cystinuria, Dent disease) have been identified, 
but information is still limited on genes that contribute to risk 
of the common forms of stone disease. 


1.5.1.2 Race/Ethnicity 


In a cross-sectional Canadian study, individuals of Arabic, west 
Indian, west Asian, and Latin American descent were more 
likely to be stone formers than those of European descent." 
Overall, in the general population, African-Americans have a 
lower frequency of stones; however, among individuals with 
end-stage renal disease, African-Americans had a higher than 
expected prevalence of stone disease.” 


1.5.1.3 Systemic Disorders 


There is substantial evidence that nephrolithiasis is a systemic 
disorder. Well-known conditions associated with calcium- 
containing stones include primary hyperparathyroidism, 
renal tubular acidosis, and Crohn’s disease. 

Several other common conditions, including obesity, gout, 
and diabetes mellitus (DM), have recently been convincingly 
linked to nephrolithiasis. Increasing body size, assessed by 
weight, body mass index (BMI), or waistline, increases the 
risk of stone formation independent of other risk factors 
including diet*'; for unexplained reasons, the impact is 
greater in women than in men. For example, the risk of stone 
formation for individuals with a BMI = 30 kg/m? compared 
to those with a BMI 21-23 was 30% higher among men but 
nearly twofold higher among women. Urinary composition 
by body size; for example, higher BMI, is associated with 
higher urine oxalate and lower urine pH, changes that would 
increase risk for calcium oxalate or uric acid stones.” 
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In a cross-sectional study, individuals with gout were 50% 
more likely to have a history of stones.” When examined pro- 
spectively, individuals with a history of gout had a twofold 
higher risk of incident nephrolithiasis, independent of diet, 
weight, and medications.” Possible mechanisms for this rela- 
tion include insulin resistance and acidification defects. 

Diabetes mellitus (DM) has also been associated with an 
increased risk of stone formation, independent of diet and 
body size.” Cross-sectionally, individuals with a history of 
diabetes were more than 30% more likely also to have a his- 
tory of nephrolithiasis. Prospectively, a history of DM 
increased the risk of stone formation by 30-50% in women 
but not in men.*°”’ In support of these findings, a recent study 
based on National Health and Nutrition Examination Survey 
(NHANES) II data found that the risk of being a stone for- 
mer increased with an increasing number of metabolic syn- 
drome traits.” 


1.5.1.4 Environmental Factors 


Occupations or settings with higher insensible fluid losses, 
such as a hot environment, increase the risk of stone forma- 
tion.” The risk will also be higher when individuals have 
restricted access to water or bathroom facilities, leading to 
lower fluid intake and lower urine volume. 


1.5.2 Dietary Factors 


Dietary intake influences urine composition, thereby modi- 
fying the risk of nephrolithiasis. Implicated nutrients include 
calcium, animal protein,’ oxalate,*' sodium, sucrose,” 
fructose,” magnesium,” and potassium.” Care must be taken 
when interpreting studies of diet and stone risk. Retrospective 
studies may be biased because individuals who develop 
stones may subsequently change their diet. Results from 
studies that use change in urine composition as a surrogate 
for actual stone formation should be viewed with caution 
because the composition of the urine does not completely 
predict risk and not all the components that modify risk are 
included in the calculation of supersaturation (e.g., urine 
phytate). Thus, prospective studies that assess a variety of 
nutrients are best suited for examining the associations 
between dietary factors and risk of actual stone formation. 


1.5.2.1 Calcium 


The associations between dietary factors and the risk of inci- 
dent stone disease have been examined prospectively in three 
large cohorts: Health Professionals Follow-up Study (HPFS) 
involving more than 45,000 male health professionals aged 


40-75 years at baseline; Nurses’ Health Study I (NHS I) 
involving more than 80,000 female nurses aged 34-59 at 
baseline; and NHS II involving more than 80,000 female 
nurses aged 27—44 at baseline.*!®!! Prior to these studies, 
higher calcium intake had been strongly suspected of raising 
the risk of stone disease. However, these studies demon- 
strated that individuals with a higher intake of dietary 
calcium actually had a lower risk of incident nephrolithiasis 
independent of other risk factors.*'°'' Although this may 
seem counter-intuitive, lower calcium intake increases 
dietary oxalate absorption and urinary oxalate excretion.’ 
Another possible explanation is that there is some other pro- 
tective factor present in milk (dairy products are the major 
source of dietary calcium in the USA). Even among indi- 
viduals with a family history of nephrolithiasis, lower dietary 
calcium intake was associated with an increased risk of stone 
formation.'® 

Borghi and colleagues performed a randomized controlled 
study diet that confirmed these observational findings. Men 
with elevated urine calcium and a history of calcium oxalate 
stones were randomized to one of two diets: a low calcium 
diet (400 mg/day) or a diet containing 1,200 mg of calcium 
along with low sodium and low animal protein intake. Men 
in the higher calcium intake group had a 50% lower risk of 
recurrence. The evidence is now overwhelming that calcium 
restriction is not beneficial and may in fact be harmful, both 
for stone formation and bone loss. 

In contrast to dietary calcium, supplemental calcium does 
not appear to reduce risk in men or younger women®!! and 
may in fact increase the risk of stone formation in older 
women. In an observational study'® and randomized trial,** 
calcium supplement users were ~20% more likely to form a 
stone than women who did not take supplements, after adjust- 
ing for dietary factors. However, the results from the random- 
ized trial should be interpreted cautiously as the participants 
were instructed to take their supplements with meals, and the 
supplements contained both calcium and vitamin D. The tim- 
ing of the supplemental calcium intake may account for the 
differences in risk. In the cohort studies, calcium supplements 
were typically not taken with meals, which would diminish 
binding of dietary oxalate in the intestine. 


1.5.2.2 Oxalate 


Urine oxalate is clearly an important risk factor for calcium 
oxalate stone formation; however, the role of dietary oxalate 
in the pathogenesis of calcium oxalate nephrolithiasis is less 
clear.” The proportion of dietary oxalate that is absorbed is 
estimated to range from 10% to 50%.” The factors influenc- 
ing the absorption are incompletely characterized but likely 
include other dietary factors (e.g., calcium), genetic factors, 
and possibly intestinal flora. In addition, the bioavailability of 
oxalate in food is unknown. Urinary oxalate is also derived 
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from the endogenous metabolism of glycine, glycolate, 
hydroxyproline, and vitamin C. A recent study found indi- 
viduals with a history of calcium oxalate nephrolithiasis were 
less likely to be colonized with Oxalobacter formigenes, an 
intestinal bacterium that degrades oxalate.“ Prospective studies 
of dietary oxalate and stone risk were performed after modern 
approaches to measure the oxalate content of food provided 
information on the oxalate content of many foods.*!” 
Surprisingly the impact of dietary oxalate was minimal in 
men and older women and not associated with stone forma- 
tion in younger women.” 


1.5.2.3 Other Nutrients 


A variety of other nutrients have been implicated in stone for- 
mation. Of note, the magnitudes of the associations often vary 
by age, sex, or body mass index. For example, higher animal 
protein intake may increase urinary calcium and decrease uri- 
nary citrate,“ thereby increasing the risk of stone formation. 
However, when studied prospectively, animal protein was 
associated with an increased risk in men but not in women.*'!! 
Further, the increased risk in men was only found among men 
with BMI < 25 kg/m’. Higher dietary potassium intake 
decreased risk in men and older women®'®® possibly by 
reducing urine calcium excretion* or increasing urine citrate. 
Higher intake of sodium’? or sucrose? increases urinary cal- 
cium excretion independent of calcium intake. In prospective 
studies, sucrose was associated with an increased risk in 
women and fructose increased risk in men and women.'*!!** 
Phytate, found in whole grains and beans, was observed to 
reduce risk of stone formation in younger women,'' possibly 
by directly inhibiting calcium oxalate crystal formation. 

Although magnesium may reduce dietary oxalate absorp- 
tion, randomized trials of magnesium supplements did not 
find a protective effect on stone recurrence, though the drop- 
out rates were high. In prospective observational studies, 
higher dietary magnesium was associated with a lower risk 
of stone formation in men* but not women. '®™!'! 

Vitamin C (ascorbic acid) can be metabolized to oxalate. 
Consumption of 1,000 mg of supplemental vitamin C twice 
daily increased urinary oxalate excretion by 22%.“ In a pro- 
spective observational study, men who consumed 1,000 mg 
or more per day of vitamin C had a 40% higher risk of stone 
formation compared to men who consumed less than 90 mg/ 
day (the recommended dietary allowance).** While restrict- 
ing dietary vitamin C is not recommended (because foods 
high in vitamin C contain inhibitory factors such as potas- 
sium), calcium oxalate stone formers should avoid vitamin C 
supplements. 

Although high-dose vitamin B6 (pyridoxine) may reduce 
oxalate production in selected patients with type | primary 


hyperoxaluria, it is unclear if there would be benefit from the 
use of vitamin B6 supplements to prevent common stone dis- 
ease. In observational studies, higher intake of vitamin B6 
was associated with a reduced risk of kidney stone formation 
in women’ but not in men."* 


1.5.2.4 Fluid Intake and Beverages 


The main determinant of urine volume is fluid intake. Urine 
volume, and therefore fluid intake, is an important determi- 
nant of stone risk. When the urine output is less than 1 L/day, 
risk of stone formation is markedly higher. Higher fluid 
intake has been demonstrated to reduce the likelihood of 
stone formation in observational studies*!°'' and a random- 
ized controlled trial.“ 

Patients with stone disease often ask which beverages 
they should drink and which they should avoid. Coffee, tea, 
beer, and wine were associated with a reduced risk of stone 
formation in prospective studies.*°°' Although citrus juices 
theoretically could reduce the risk of stone formation by 
increasing urine citrate,” the prospective studies did not find 
an independent association with orange juice and grapefruit 
juice was associated with a significantly higher risk.°°°! 
Grapefruit juice is known to affect several intestinal enzymes, 
but the mechanism for the observed increased risk of stone 
formation is unknown. Consumption of sugared soda was 
not associated with a higher risk of stone formation.*’?' Milk 
intake reduces the risk of calcium kidney stone formation. 


1.6 Urinary Factors 


The 24-h urine collection is the cornerstone of the metabolic 
evaluation and the urine chemistries provide important prog- 
nostic information and guide preventive recommendations. 
Like many laboratory tests, urine results have traditionally 
been categorized into “normal” and “abnormal.” However, 
recent data has revealed this grouping is unsatisfactory. Urine 
values are continuous so the dichotomization into “normal” 
and “abnormal” is arbitrary and potentially misleading. In 
addition, stone formation is a disorder of concentration, not 
just the absolute amount excreted. Although terms of abnor- 
mal excretion, such as “hypercalciuria” or “hypocitraturia” 
are often used clinically and in the scientific literature, the 
limitations of these terms should be acknowledged. 
Hypercalciuria is commonly defined as urine calcium 
excretion > 300 mg/day (7.5 mmol/day) in men and = 250 
mg/day (6.25 mmol/day) in women” on a 1,000-mg/ day cal- 
cium diet (but a variety of definitions are in use). Using these 
traditional definitions, approximately 20-40% of patients 
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with calcium stone disease will have hypercalciuria. Although 
possibly reasonable from a calcium balance perspective, 
there is insufficient justification for different thresholds for 
males and females. In fact, the sex-based definitions are par- 
ticularly concerning because nephrolithiasis is a disorder of 
concentration and 24-h urine volumes are slightly higher in 
women than in men.™* 

Hyperoxaluria is typically defined as urinary oxalate 
excretion >45 mg/day (0.5 mmol/day), though here too a 
variety of thresholds are in use. Elevated urinary oxalate 
excretion is three to four times more common among men 
(~40%) than in women (~10%).** Mean urinary oxalate levels 
are only slightly higher in cases than in controls, but in mul- 
tivariate models oxalate is clearly an important independent 
risk factor for stone formation. Of note, the risk begins to 
rise well below the 45 mg/day level. 

The relation between uric acid excretion and calcium 
stone disease is unsettled. Some early cross-sectional studies 
reported that hyperuricosuria (typically defined as greater 
than 800 mg/day (4.76 mmol/day) in men or 750 mg/day 
(4.46 mmol/day) in women) is more frequent in patients who 
form calcium stones than controls.” However, a recent study 
of more than 2,200 stone formers and 1,100 non-stone form- 
ers reported that a higher urine uric acid was associated with 
a lower likelihood of being a stone former in men, and there 
was no increase in risk for women.* A double-blind trial of 
allopurinol successfully decreased recurrence rates of cal- 
cium stones in patients with hyperuricosuria suggesting that 
uric acid is important,'° but it is possible that the beneficial 
effect of allopurinol was through a mechanism unrelated to 
lowering of urine uric acid. 

Hypocitraturia, often defined as 24-h excretions 320 mg/ 
day (1.67 mmol/day), increases risk of stone formation® and 
is found in 5-11% of first-time stone formers.** There is sug- 
gestive evidence that increasing urinary citrate into the high- 
normal range provides additional protection.™ 

Low urine volume, for which a variety of definitions have 
been used, is a common and modifiable risk factor. When 
defined as 24-h urine volume less than 1 L/day, 12-25% of 
first-time stone formers will have this abnormality.>* 
Observational studies and a randomized trial have demon- 
strated the risk of stone formation decreases with increasing 
total urine volume.*?* 


1.7 Conclusions 


Epidemiologic studies have expanded our understanding of the 
magnitude and risk factors for stone disease. A variety of 
dietary, non-dietary, and urinary risk factors contribute to the 
risk of stone formation and the importance of these varies by 


age, sex, and BMI. Scientifically, results from these studies 
have forced a reappraisal of our view of risk factors for stone 
disease. Importantly, the results from epidemiologic studies 
can be considered in the clinical setting when devising treat- 
ment plans for reducing the likelihood of stone formation. 
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Abstract Genetic studies of calcium kidney stones have hitherto assessed single candidate 
genes by testing for linkage disequilibria or associations between a locus and stone disease. 
They have identified the potential involvement of the calcium-sensing receptor (CaSR), 
vitamin D receptor, (VDR), and bicarbonate-sensitive adenylyl cyclase genes. In addition to 
research in humans, studies on different strains of knock-out mice have enabled us to include 
the phosphate reabsorption carrier NPT2 gene, the caveolin-1 gene, the protein NHERF-1 
gene modulating calcium and urate reabsorption, osteopontin, and Tamm-—Horsfall protein 
among the possible determinants. Interactions between genes, and between environmental 
factors and genes, are generally considered fundamental to calcium stone formation, however. 
To date, therefore, genetic studies have failed to significantly advance our understanding of the 
causes of calcium kidney stones, though they have enabled us to assess the dimension of the 
problem and establish criteria for facing it. Further progress in our knowledge of what causes 
calcium stones may derive from using the tools afforded to researchers by modern biotechnology 
and bioinformatics. 


2.1 Introduction the predisposing factors, we tend to consider those of genetic 
and environmental origin, though the distinction between the 
two is hazy because kidney stones are probably the outcome 
of an interaction between genes and environment. 
Nephrolithiasis is consequently among the complex diseases 
with a multifactorial pathogenesis, like hypertension, diabe- 
tes, ischemic cardiopathy, and osteoporosis. Studying its 
causes is bound to be difficult, although advances in our bio- 
logical/molecular knowledge and new biotechnologies have 
provided us with powerful analytical tools. These methods 
have certainly enabled progress to be made in genetic 
research, but our awareness of the complexity of the patho- 
genic picture, and of the commitment that will be needed to 
fully understand it, has likewise grown. 


Metabolic studies on patients have established that calcium 
kidney stones can be associated with various defects of 
mono- and bivalent electrolyte excretion. The most well 
known of these conditions is primary hypercalciuria, detected 
in 50% of patients with stones.' Others, such as hypo-citratu- 
ria, renal hypophosphatemia, hyperuricuria, and an elevated 
sodium and chloride excretion accompany stone-forming 
disease less frequently. It is consequently impossible to pre- 
dict the onset of a calcium stone on the strength of these 
conditions alone, which leads us to assume that a number of 
factors interact and/or combine together to predispose an 
individual to calcium kidney stones. 

In the last decade, nephrological research has focused on 
establishing the genetic causes of calcium nephrolithiasis. 
Our understanding of this topic has not improved substan- 2,2 Genetic Linkage Studies 
tially, however, and it has consequently not been possible to 
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accurate in pointing to the genes involved in a given disease, 
especially in monogenic diseases, which is why they were 
applied to nephrolithiasis.© Some studies also evaluated the 
phenotypes implicated in the disease, such as hypercalciuria. 

Some linkage studies considered the loci of candidate genes 
believed to have a pathogenic role in the light of the prevailing 
pathophysiological hypotheses. This strategy was applied to a 
sample of more than 300 pairs of French-Canadian brothers 
suffering from kidney stones, whose chromosomal loci coding 
for renal 1a (alpha)-hydroxylase of 25(OH) vitamin D, the 
vitamin D receptor (VDR), or the calcium-sensing receptor 
(CaSR) were tested. Each region was assayed using specific 
polymorphic markers. The locus of the 1a (alpha)-hydroxylase 
of 25-dihydroxy-vitamin D (chromosomal locus 12q13.1- 
q13.3) was the first to be studied in this sample, but the results 
could confirm no role for it.° The locus of the VDR on chro- 
mosome 12q12—14 was analyzed using six different markers, 
four of which emerged in linkage disequilibrium with nephro- 
lithiasis and only one with hypercalciuria, but with only a low 
significance.’ Finally, no linkage was found between the locus 
of the CaSR (3q13.3—21) and the onset of nephrolithiasis in 
the series of French-Canadian brothers.® 

Linkage studies have produced more significant results 
when members of stone formers’ families were studied, by 
generation. One study reconsidered the locus of the VDR in 
Indian families and substantially confirmed the results obtained 
in the French-Canadian brothers.’ Another confirmed the 
absence of CaSR gene mutations in seven European families.'° 
Only one family-based study used chromosomal markers cov- 
ering the whole genome (a genome-wide scan): this method 
enabled them to proceed without any preliminary pathogenic 
hypothesis or definition of a candidate gene. After exploring 
the whole genome with polymorphic markers, the results of 
the study suggested the loci where the genes implicated in 
nephrolithiasis could be found. In other words, a genome- 
wide scan enables a pathogenic hypothesis to be developed on 
the strength of the results obtained. Taking this approach, a 
linkage was identified between chromosome 1q23.3-q24 and 
hypercalciuria in three families suffering from absorptive 
hypercalciuria and kidney stones.'! The interpretation of this 
finding was entrusted to a subsequent case-control study, 
which found an association between hypercalciuria and six 
polymorphisms of the soluble (bicarbonate-sensitive) adeny- 
late cyclase (SAC) gene. The same polymorphisms were also 
associated with a low bone mineral mass.’* The functional role 
of the sAC gene has yet to be clarified, though we know that it 
is expressed in the kidney, intestine, and bone cells, and that 
its function is activated by bicarbonate and modulated by 
bivalent cations. The linkage between the sAC gene and 
hypercalciuria was not confirmed, however, in a European 
study of nine families.'* 

Despite the greater reliability of linkage studies, studies 
conducted using other strategies, such as analyzing the 


association between genotype and calcium nephrolithiasis, 
have been far more numerous. The reasons for this tendency lie 
in the numerous practical and theoretical problems involved. 
First, there is the difficulty of finding family groups covering at 
least three generations and numerically large enough to enable 
linkage studies. Another problem lies in the inability of linkage 
studies to identify genes with a scarce phenotypic effect.** This 
problem applies particularly to nephrolithiasis because stones 
may be caused not by a mutation in one or a few genes with a 
strongly predominant effect, but by compound changes induced 
by numerous genes, each incapable alone of giving rise to the 
disease." This being the case, the causal substrate might be so 
variable and heterogeneous as to make it extremely difficult to 
conduct genetic studies and identify individual genes. 

In addition to these specific problems, there is also the 
more general difficulty of classifying an individual as a stone- 
former; in fact, a kidney stone can develop at any age, and 
may even go unrecognized. It may also be that an individual 
possessing the predisposing genetic heritage forms no stones 
because other genes or nutrients with an antilithogenic effect 
prevail over the lithogenic factors.'° A clear example of this 
phenomenon in the kidney stone setting is the low-sodium 
diet prescribed for hypercalciuric individuals. The lithogenic 
risk in these people is increased by their higher calcium excre- 
tion levels, but restricting their dietary intake of sodium and 
chloride reduces their stone-forming potential related to their 
hypercalciuria, which is known to have a genetic compo- 
nent.” It may also be that several genetic causes come into 
play in patients with recurrent kidney stones, but not in those 
who produce only one stone in a lifetime.'® 


2.3 Genetic Association Studies 


The studies associating a genotype with calcium kidney 
stones are the most common alternative to genetic linkage 
studies. They assess whether an allele or a genotype is more 
or less common in patients with kidney stones than in those 
without them. The search for this association can involve 
analyzing of the whole genome or only a candidate gene. In 
the nephrolithiasis setting, only candidate genes have been 
tested to date,* but analyses with genome-wide markers rep- 
resent the way forward.” In association studies, patients and 
controls are genotyped for single-base polymorphisms 
arranged along the sequence of candidate genes. These 
polymorphisms have a mean frequency of one for every 
1,200 bases and contribute to the variability of the pheno- 
type. They can be placed in coding regions and cause an 
amino acid change, or in untranscribed regions and leave the 
amino acid sequence in the protein unchanged. Their poten- 
tial influence on the phenotype often remains unknown and 
this is a crucial drawback of such analyses.” 
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The first gene to be analyzed using this method was the 
VDR gene, considering the polymorphisms of the untran- 
scribed 3’ region or of the transcription start codon. These poly- 
morphisms emerged as being associated with calcium kidney 
stones in various studies, and some also observed that patients 
carrying allele variants to 3’-terminal region polymorphisms 
developed stones earlier in life and had a more aggressive form 
of the disease and lower urinary citrate excretion levels.” 
Although some works have not confirmed these associations,” 
overall the results obtained give the impression that VDR gene 
polymorphisms can play a part in the onset of calcium nephro- 
lithiasis. It remains to be seen whether the VDR gene polymor- 
phisms identified have an important functional effect on the 
disease or whether the association is simply due to their coseg- 
regation (i.e., they are in linkage disequilibrium) with other 
functionally relevant polymorphisms. Their functional link to 
nephrolithiasis is generally justified by the fact that the VDR- 
vitamin D complex activates intestinal calcium absorption 
(Fig. 2.1). It seems, however, that the VDR-vitamin D complex 
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Fig. 2.1 Intestinal absorption of calcium is considered particularly 
important in stone formation. Transcellular absorption is mediated by a 
transport system involving the transfer of calcium from the lumen into 
the enterocyte through the calcium channel TRPV6, while on the baso- 
lateral membrane the calcium pump (PMCA) and sodium—calcium 
exchange carry the calcium ion into the interstitium. PMCA is only 
involved in absorption in the jejunum and duodenum, where absorption 
is active. In the cytoplasm, calbindin 9k (CBP) binds the calcium ions 
absorbed and guides them toward the carriers of the basolateral mem- 
brane. The vitamin D receptor (VDR) complex controls the gene expres- 
sion of all these carriers and CBP, and it regulates TRPV6 activity via a 
non-genomic effect. The VDR complex binds to a specific gene 
sequence called VDRE (vitamin D response element), which dere- 
presses the genes of the vitamin-D-dependent proteins. Alongside these 
mechanisms, there is also a paracellular calcium absorption 


is also capable of reducing urinary citrate excretion. In fact, it 
can derepress the expression of phosphoenolpyruvate carboxyl 
kinase that can limit its renal excretion by stimulating the cit- 
rate reabsorption carrier on the luminal membrane of the proxi- 
mal tubule cells.” 

Particular results were obtained by analyzing the CaSR 
gene, studying its polymorphisms of exon 7 (3’-terminal) 
and the polymorphisms of the first intron and of the untran- 
scribed 5’ region near the promoter. The Arg990Gly poly- 
morphism of exon 7 is associated with hypercalciuria in 
patients with and without kidney stones. Results in vitro on 
HEK293 embryonal renal cells transfected with the CaSR 
gene indicate that the Arg990Gly polymorphism can give 
rise to a functional gain for the CaSR gene.**”’ This hypoth- 
esis is confirmed by the fact that patients with primary and 
secondary hyperparathyroidism carrying the allele variant 
have lower mean circulating levels of PTH than carriers of 
the arginine allele.” It is consequently feasible that the gly- 
cine allele at codon 990 is less effective in inhibiting calcium 
reabsorption in the cells of the thick ascending limb of the 
Henle’s loop, predisposing carriers to higher calcium excre- 
tion levels (Fig. 2.2). This poses the question of why these 
same individuals are not hypocalcemic too, like the carriers 
of CaSR gene activating mutations: maybe the Arg990Gly 
polymorphism has a different influence on the signaling sys- 
tems used by parathyroid and renal cells, so it could inhibit 
tubular calcium reabsorption and PTH production in 
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Fig. 2.2 The figure schematically shows a cell of the thick ascending 
limb, illustrating the effects of the calcium-sensing receptor (CaSR) 
gene, which inhibits Na-K-C1 cotransport and sodium reabsorption 
via phospholipase A2 (PLA2) activation and the production of arachi- 
donic acid (AA) and eicosatetraenoic acid. This inhibitory effect 
reduces the electric potential between the interstitium and the lumen, 
which in itself obstructs the passive paracellular reabsorption of cal- 
cium and other cations. In addition, the activation of calcium reabsorp- 
tion has a direct effect on the calcium pump (PMCA), which inhibits the 
active reabsorption of calcium 
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parathyroid cells to a different degree. The importance of 
this polymorphism in calciuria has also been confirmed in 
patients with primary hyperparathyroidism, because patients 
who carry the 990Gly allele variant have higher urinary cal- 
cium excretion levels and form stones more frequently.”* 

Polymorphisms of the CaSR gene promoter region located 
in the first intron or the untranscribed 5’ region were recently 
associated with nephrolithiasis in the Italian population.” 
They do not entail an amino acid change and they can 
presumably take effect by modifying the gene’s transcription 
and the expression of the CaSR in the tubule cells of the renal 
papilla, given the nearness of the gene promoter. With high 
calcium concentrations in the renal papilla, a different cell 
expression of the CaSR is likely to be crucial to the precipita- 
tion of calcium salts and the formation of oxalate stones.” 

Polymorphisms of the genes coding for osteopontin, 
urokinase, interleukin receptor-1, intestinal transient recep- 
tor potential cation channel (TRPV6), E-cadherin and epi- 
dermal growth factor have also been associated with kidney 
stones.'*3!*° The physiopathological role of these genes in 
nephrolithiasis is still not clear and there are still no works to 
confirm the preliminary results. On the other hand, a func- 
tional result has been obtained for the gene TRPV6, coding 
for the calcium channel expressed in the intestinal mucosa, 
according to which the activating mutations would be associ- 
ated with nephrolithiasis® via an increase in intestinal calcium 
absorption (Fig. 2.2). 

Association studies are certainly easier to perform than 
linkage analyses, but they are not without their problems. 
The previously mentioned difficulties in classifying an indi- 
vidual as affected apply in this case too; and they suffer from 
a poor repeatability of the results in different populations due 
to differences in genetic substrate or environmental factors 
that can lead to unrecognized stratifications, which make the 
various populations unsuitable for comparison.” This can 
also apply in the opposite sense; that is, creating the condi- 
tions for false-positive results due to unwitting favorable 
stratifications. These studies can nonetheless also reveal 
genes with a limited effect on the phenotype, as is probably 
the case of the relationship between hypercalciuria and the 
CaSR gene Arg990Gly polymorphism. The allele variant 
990Gly was found associated with hypercalciuria and 
explained 4% of the phenotypic variability of calciuria in one 
study population™; vice versa, the locus of the CaSR gene 
was not in linkage with hypercalciuria or nephrolithiasis in 
the pairs of French-Canadian brothers." This scarce influ- 
ence of the Arg990Gly polymorphism on the variability of 
calciuria is probably responsible for the negative outcome of 
the linkage studies. 

The association and linkage studies conducted to date 
chose the genes and polymorphisms to investigate in advance. 
While the choice of genes was generally based on physio- 
pathological knowledge, the choice of polymorphisms was 
only rarely guided by functional knowledge.” This important 


weakness can now be avoided thanks to the introduction of 
genome-wide scanning methods, which can now be under- 
taken at a still considerable but sustainable cost, but this 
demands technologies and bioinformatic software products 
capable of testing and processing massive numbers of sam- 
ples and amounts of data. Finally, irrespective of the study 
strategy adopted, it is fundamental for genetic findings to be 
confirmed by functional studies on cell and animal models. 
These potential developments and the previously mentioned 
experiences have led to association studies being progres- 
sively reconsidered in recent years. 


2.4 Animal Models of Genetic Disease 


Knockout mice are animals genetically programmed not to 
express a given gene. The development of kidney stones in 
the phenotype of a knockout strain indicates that the silenced 
gene is important in preventing the onset of nephrolithiasis. 
Five strains of knockout mice are known to develop kidney 
stones. The mice without the slc26a13 gene lack the carrier 
that secretes oxalate in the intestinal lumen. As a conse- 
quence, these animals accumulate oxalate in the organism 
and its renal excretion is increased, leading to urinary pre- 
cipitation and stone formation.” Caveolin-1 knockout mice 
are incapable of producing caveol in the renal cells; that is, 
the plasma membrane invaginations where proteins impor- 
tant to cell functions (such as the calcium pump, CaSR, and 
VDR) collect. These mice fail to absorb calcium from the 
tubular lumen and consequently become hypercalciuric, 
developing calcium—phosphate deposits in the tubule.” The 
third knockout mouse strain lacks a protein, Na*/H* exchanger 
regulatory factor (NHERF-1), that modulates sodium, cal- 
cium, and uric acid reabsorption. Calcium and urate excre- 
tion increases with the consequent formation of papillary 
calcium deposits.“ In the double knockout mouse strain, for 
osteopontin and the Tamm-—Horsfall protein, papillary inter- 
stitial deposits are found in 39% of the animals, presumably 
because of their urine’s inability to inhibit calcium salt pre- 
cipitation. The two proteins seem to have a synergetic 
antilithogenic effect, since knocking out only one or the 
other induces papillary deposits in only 10-15% of the 
animals.“ 

Finally, knockout mice for the renal sodium/phosphate 
cotransporter (NPTa) are an interesting model with a phe- 
notype characterized by hypophosphatemia secondary to 
renal phosphate loss, high renal vitamin D synthesis, hyper- 
calciuria, and renal stone formation.“ This picture is simi- 
lar to the one that develops in patients with autosomal 
dominant hereditary hypophosphotemic rickets with hyper- 
calciuria (HHRH). Knockout mice for NPT2a have conse- 
quently been considered as a model of the renal impairment 
in patients with HHRH. No NPT2a gene mutation has been 


2 Genetics and Molecular Biology of Renal Stones 


13 


found, however, in patients with HHRH, while mutations 
have been identified in the proximal phosphate NPT2c car- 
rier. This means that there is a different organization of 
proximal phosphate reabsorption in humans and mice: 
while the former probably uses NPT2c as the main carrier 
for phosphate reabsorption in the proximal tubule cell 
(Fig. 2.3), the latter uses NPT2a. The two carriers differ 
functionally because NPT2a sustains the electrogenic 
cotransport of three sodium ions and one phosphate, while 
NPT2c produces an electroneutral cotransport that reab- 
sorbs two sodium ions and one phosphate. NPT2a or NPT2c 
deficiency seems to differently affect bone, since the phe- 
notype in mice does not include the rickets observed in 
humans. It may be that the two phosphate carriers are dif- 
ferently expressed in the bone cells: in particular, NPT2a 
occurs in the osteoclasts and the NPT2a knockout mice 
seem to have fewer, less active osteoclasts.“ 

Experience gained with the previously mentioned animal 
strains shows that knockout mice are a source of useful infor- 
mation and relatively easy to obtain. They may pave the way 
to new research hypotheses, but they do not represent a corner- 
stone for research because in any case transferring findings 
from mice to humans demands knowledge of the role played 
by the proteins under study in human physiology. Osteopontin 
and Tamm-—Horsfall protein are known for their antilithogenic 
activity in humans, while the role of the slc26a13 oxalate car- 
rier and NHERF-1 have yet to be ascertained. The studies on 
NPT2 go to show that transferring data obtained in the mouse 
to human beings is not always possible. 


PTH 
FGF23 Pr. 
Phosphate intake 


HPO, 


lumen 


interstitium 


Fig. 2.3 The NPT2 transporter/carrier in humans serves the purpose of 
reabsorbing phosphate in the proximal tubule. To be specific, the NPT2c 
isoform is responsible for 85% of phosphate reabsorption, while 15% is 
mediated by NPT1. Phosphate, FGF23, and PTH intake inhibits NPT2 
expression on the luminal membrane because their presence causes 
NPT2 to be internalized and lysed in the lysosomes. This is the mecha- 
nism by which they reduce phosphate reabsorption 


2.5 Future Areas of Study 


It is easy to see from the previous considerations that the 
genes involved in nephrolithiasis and how the disease is 
transmitted have yet to be explained. In choosing candidate 
genes to investigate, researchers have focused on genes spe- 
cifically related to calcium metabolism, among which the 
VDR, CaSR, and sAC genes seem to contribute to the forma- 
tion of calcium stones, though the extent of the contribution 
is not yet clear. These genes may be involved in the onset of 
primary hypercalciuria and osteoporosis, so the association 
of these disorders with nephrolithiasis emphasizes the impor- 
tance of hypercalciuria as a pathogenic factor and explains 
the high frequency of osteoporosis among stone formers, 
irrespective of calciuria levels. 

It is nonetheless highly likely that, in addition to calcium 
metabolism, other aspects of renal electrolyte metabolism 
remaining to be explored are also important in the pathogen- 
esis behind stone formation. An example comes from studies 
indicating the potentially stone-forming role of the sAC 
gene. Genome-wide scans are consequently awaited with 
much interest; specifically for the opportunity they will give 
us to formulate new hypotheses and research perspectives 
that overcome the limits of our current understanding. 

In the main, the studies listed here considered a single gene, 
while the interactions between different genes, and between 
genes and the environment are generally considered funda- 
mental to the development of kidney stones. Stone-forming 
genes can interact with the environment in a more or less com- 
plex manner, giving rise to multiple forms of interaction. As at 
the current state of research, the most interesting interactions 
are of epigenetic type, in which environmental influences can 
modify the phenotype in a stable manner, transmissible to sub- 
sequent generations, without changing the genotype. They 
do so by modifying gene expression through various mecha- 
nisms. In humans, the most common of these consists in the 
methylation of the gene promoter regions, which can mean 
that gene transcription is repressed or rearranged, respectively, 
in the event of hyper- or hypo-methylation.”° In fetal and peri- 
natal life, different environmental conditions are thought to be 
able to produce epigenetic changes, thereby influencing the 
newborn’s susceptibility to chronic diseases. Studies on inter- 
actions between genes and the environment are destined to 
expand progressively in the nephrolithiasis setting, also thanks 
to epigenetic analyses, but such research is yet to be conducted 
at either epidemiological level or in animal models. 


2.6 Conclusions 


In conclusion, we might say that 10 years of genetic studies 
on nephrolithiasis have been unable to substantially improve 
our understanding of what causes calcium kidney stones. 
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But this conclusion would be ungenerous to all those who 
have committed themselves to this difficult, insidious area of 
research, and anyway the same could be said, more in general, 
of all complex diseases. In fact, the genetic investigation 
tools available up until not long ago produced exciting results 
for the monogenic, Mendelian-transmission diseases, but 
disappointing results for more complex diseases. New human 
genome scanning methods, less expensive high throughput 
gene investigation tools, and bio-informatic software capable 
of managing the body of data collected from large popula- 
tion samples (in terms of numerosity) have all become avail- 
able in recent years, however. The studies conducted so far 
have served as preliminary investigations and, despite their 
limits, they can be used to provide the basis on which to 
found future research efforts. The results obtained relate 
mainly to changes in calcium metabolism in nephrolithiasis, 
but they have also produced criteria and tested the dimension 
of the problem. In the light of these studies, modern biotech- 
nological and bioinformatic tools, provided they are put to 
good use, should be able to help us make further advances in 
our knowledge of the genetic causes behind calcium kidney 
stones. In this effort, however, it is important to acknowledge 
that a fundamental step concerns sample collection, to make 
it as phenotypically homogeneous as possible. To obtain sig- 
nificant results with our modern tools, we still need to rely on 
the ancient art of clinical patient assessment and our ability 
to obtain precise and standardized information on their 
characteristics. 
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Physicochemical Aspects 
of Uro-crystallization and Stone Formation 


John P. Kavanagh 


Abstract Urinary stones are predominantly crystalline and the precipitation of uro-crystals 
must obey the physical-chemical principles applicable to crystallization in a broader sense. Key 
amongst these is the requirement for supersaturation to be generated, providing the necessary 
thermodynamic driving force for crystallization. The three main processes of nucleation, growth, 
and aggregation are all dependent on the degree of supersaturation. Nucleation of uro-crystals 
will be heterogeneous (occurring at a surface) and can only be sustained at a supersaturation 
above the equilibrium condition. Once nucleation has occurred, growth and aggregation can 
proceed until a saturated equilibrium is achieved, although in the continuous flow of the urinary 
system the supersaturation may be maintained by replenishment with fresh solute. A new crys- 
tallization process has recently been recognized involving the ordered clustering of nanocrystals, 
which brings together elements of nucleation, growth, and aggregation. The relevance of this to 
uro-crystallization is not yet clear. Of established significance is the presence of crystallization 
inhibitors and promoters in urine. These might act through changes in supersaturation or directly 
at the interface between crystals and solution or crystals and their nucleating substrate. 


Symbols and Abbreviations I ionic strength 
J nucleation rate 
hes k growth rate constant 
a activity E 
~~ a . k solubility product 
Aa activity driving force (supersaturation) sp 
i . ; ; k Boltzmann constant 
A pre-exponential factor (in Arrhenius reaction rate À 
; FP formation product 
equation) : . 
: L particle size 
c concentration : E 
: = : L. size of critical nucleus 
Ac concentration driving force (supersaturation) cut 


M strength factor of aggregation bridge 


CaOx calcium oxalate (crystalline) ML metastable limit 


AG Gibbs energy change 


: : N Avogadro’s number 
AG,,, Gibbs energy change for heterogeneous nucleation g : 
; : n growth rate reaction order 
AG,, Gibbs energy change for homogeneous nucleation ae ee 
ga . : pK —log (acid dissociation constant) 
AG, Gibbs energy change for production of new crystal r a radius 
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S supersaturation ratio 
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[x] activity of species x 

z valency 

a volume shape factor 

B surface shape factor 

y activity coefficient 

Ve interfacial energy (between substratum and solution 
phase) 

Y. interfacial energy (between crystal and solution 
phase) 

A interfacial energy (between substratum and crystal 
phase) 

0 contact angle 

u chemical potential at the standard state 

u chemical potential 

Au thermodynamic driving force 

oO relative supersaturation 

T induction time 

p reaction affinity (positive form of A) 

Py reaction affinity per molecule 

(0) heteronucleation factor 

Y aggregation efficiency factor 

Subscripts 

c crystals 

eq equilibrium 

s solution 

S substratum 


3.1 Introduction 


Stones in the urinary tract are usually predominantly crystal- 
line and the exceptions (rare matrix stones) will not be consid- 
ered in this chapter. Crystallization is a physicochemical 
process involving a change of phase and this has been exten- 
sively written about elsewhere, either as a subject in its own 
right!? or with particular attention to urinary/biomineral crys- 
tallization.*’ The intention of this chapter is to introduce the 
important concepts and their theoretical background, concen- 
trating on relevance to stones but without attempting to encom- 
pass the whole of the crystallization field. In particular, crystal 
morphology and how modifiers (often urinary macromole- 
cules) of crystallization act will barely be touched upon. 
Whatever the chemical nature and wherever in the urinary 
system that uro-crystallization takes place, it is an absolute 
requirement that there is sufficient free energy to drive the reac- 
tion. This only occurs when the solution is supersaturated; that 
is, the concentration of the crystallizing species in the solution 
is higher than its solubility in that solution. For all those rare 
components that make up only 1% or 2% of stones (e.g., the 
metabolically derived cystine, xanthine, dihydroxyadenosine, 


or drug-induced stones such as indinavir), supersaturation with 
the relevant species is absent from the urine of the general 
population and is only found in those who form these stones. In 
these cases the presence of supersaturation is sufficient to 
explain the consequent stone disease.’ Similarly, urine is nor- 
mally undersaturated with struvite, and this only forms stones 
when supersaturation is developed by the action of urea- 
splitting bacteria. By contrast, the more common stone com- 
ponents, calcium oxalate (CaOx), calcium phosphate (in the 
form of carboxy- or hydroxyapatite), and, to a lesser extent, 
uric acid are often found at supersaturated levels in the urine 
of healthy people.’ It follows that, while supersaturation is an 
essential requirement for stone formation, it is possible for per- 
sistently supersaturated urine to be produced without any ill 
effects. In part, this is achieved by crystallization inhibitors, but 
it also reflects the fundamental physical chemistry of crystalli- 
zation, where the energy barrier to be overcome for initiation of 
crystallization is greater than that required to sustain it. 

The most important crystallization processes are crystal 
nucleation, crystal growth, and crystal aggregation. Nucleation 
is the first stage and involves the formation of small crystal 
nuclei. These will be made up of only a small number of 
atoms (some tens or hundreds) and therefore contribute a 
negligible amount toward the total crystal mass or volume. 
Crystal growth is the incorporation of molecules or ions from 
solution into the crystal lattice and is the most important con- 
tributor to the total mass and volume. Aggregation is the 
bringing together and consolidation of individual crystals 
into a polycrystalline body. Although this may involve a 
small amount of incorporation of material from solution, it 
can be thought of as essentially a redistribution of the volume 
with little change in mass. All three of these processes are 
dependent on the degree of supersaturation. 


3.2 Supersaturation 


3.2.1 Different States of Saturation 


Different degrees of saturation are recognized (Fig. 3.1). 
A solute is undersaturated if it is in solution below its 
solubility, and in this case further solute, when added in 


Supersaturation Relative 
ratio, S ee aoe supersaturation, o 
metastable 
S=1 - o=0 
stable/solid dissolves | 
S=0 oat 


Fig.3.1 Different regions of saturation can be distinguished (Reprinted 
with kind permission from Springer Science+Business Media’) 
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crystalline form, will dissolve. At the point when no more 
solid will dissolve, the solution is in equilibrium with the 
crystals and is saturated. In this state, the chemical potential 
of the substance in solution (u) is equal to the chemical 
potential of the crystals (u). If a saturated solution, in equi- 
librium with crystals, is cooled (lowering the solubility or 
decreasing 4) or evaporated (with the aim of increasing the 
solute concentration and thereby increasing [,) then the crys- 
tals will grow (taking solute from the solution) and maintain 
an equilibrium position with u, and u, matched. Conversely, 
if the saturated solution in equilibrium with crystals is heated 
or diluted, then some of the crystals will dissolve, again pre- 
serving the balance between the chemical potentials. 

At first sight, it might be thought that a supersaturated solu- 
tion should not be attainable because any means used to gener- 
ate a chemical potential difference between the solution and 
solid phase will be resisted by crystallization to the equilibrium 
condition. It is, however, possible to produce a supersaturated 
solution by cooling or evaporating an undersaturated solution 
(which, of course, will not contain any crystals). This is because 
the chemical energy required for crystallization to begin (nucle- 
ation) is greater than that needed to maintain crystallization, 
once crystals are already present. As long as the solution remains 
free of crystals then a supersaturated state can persist. As soon 
as crystals are introduced, or a nucleation event takes place, then 
these crystals will grow until the equilibrium condition is 
reached. This relatively stable supersaturated condition is 
described as being metastable. Another way to produce a super- 
saturated solution is to mix two solutions of soluble salts, each 
of which contains one part of an insoluble salt (for example, 
sodium oxalate and calcium chloride); if both of these are suf- 
ficiently concentrated then CaOx will immediately begin to 
crystallize when they are mixed. This is because the high super- 
saturation formed is sufficient to induce spontaneous nucleation. 
It is also possible to mix less concentrated solutions of two sol- 
uble salts to produce a metastable (supersaturated) solution of 
calcium oxalate. Forming supersaturated and crystallizing solu- 
tions of calcium oxalate in this way is a common experimental 
method,*” but it is not how urine becomes supersaturated. In the 
urinary tract, supersaturation is achieved largely by water 
removal, which gradually increases the solution concentration. 


3.2.2 Supersaturation Equations 


The extent of supersaturation can be expressed in a number of 
ways, all involving the concentration of the crystallizing species 
in the solution and the solubility of the species (i.e., the concen- 
tration in a solution, which is in equilibrium with crystals). 

The concentration driving force (Ac) is simply the differ- 
ence between the solution and equilibrium concentrations 
(c, and Coq respectively): 


Ac=¢,-¢, (3.1) 


The supersaturation ratio (S) is defined by 


S=— (3.2) 
Cy, 
and the relative supersaturation (0) is 
Ac 
o=—=S-1 (3.3) 


eq 


In the urolithiasis community and literature, the term 
supersaturation is often not clearly explained. It is rarely 
expressed as the concentration driving force and when 
explicitly defined Eq. 3.2 is most commonly used. The 
phrases supersaturation ratio and relative supersaturation 
have sometimes been used as though they are synonymous. 
Within a particular piece of work and when used for internal 
comparisons this need not be a particular problem, but it can 
cause some confusion when comparing across different 
publications, especially when the supersaturation ratio or 
relative supersaturation have been quantified with the same 
tool (e.g., Equil2). Of course, one major distinction is the 
equilibrium condition, at which S = 1 and ø = 0 (Fig. 3.1). 

When the crystallizing species is a salt, such as calcium 
oxalate, then the concentrations in the previous equations are 
replaced by the concentration products of the components; 


for example, 
(Ca™ ) x (Ox*) 


5 (Ca** ), x (ox ), 


Strictly speaking, it is the effective concentrations (i.e., the 
activities) of the relevant species that are the decisive factors. 
While this distinction is not very important in dilute solutions 
(close to the solubility limit for poorly soluble salts) and in the 
absence of other solutes, it becomes very significant when other 
salts are present, as in urine. This is clearly demonstrated if one 
considers the denominator in Eq. 3.4 (i.e., the solubility prod- 
uct, k) which for CaOx (monohydrate) in water at 37°C is 
2.24 x 10° M (calculated).’° In a solution of 0.2 M NaCl this 
increases to 3.84 x 10-8 M (measured), and in a urine-like solu- 
tion further increases to 1.00 x 107 M (measured) or 1.10 x 
10-7 M (calculated).'° Based on concentrations, CaOx is there- 
fore about 50 times more soluble in urine than in pure water. The 
reason for these changes will be considered later. The previous 
equations can be expressed in terms of activities (a or [x]): 


S (3.4) 


Aa =a, -ay (3.5) 
G2 (3.6) 
eq 
ea ae (3.7) 
a 
eq 

Ca” | x| Ox? 

[elf], 
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Of these equations for supersaturation, the supersaturation 
ratio (S) is most clearly evident in the expression of the ther- 
modynamic driving force for crystallization. This derives 
from consideration of the chemical potentials of the substance 
in the crystal state and solution state, with the difference 
between them being the force available: 


AU= H.-H, (3.9) 


Because the reactions we are concerned with take place at 
constant temperature and pressure, this is equivalent to the 
familiar Gibbs energy (AG) and it is only when Au (and AG) 
are negative that crystallization can take place. It is more 
convenient to express this driving force for crystallization as 
a positive quantity by defining the reaction affinity as 


© =-Au (3.10) 


The chemical potentials are indirectly related to the con- 
centrations and are defined by their relationship to their 
activities. The chemical activity of a component is its effec- 
tive concentration and takes into account the effect of inter- 
actions between itself and between the surrounding solvent 
and other solutes. The chemical potential of this particular 
component (U) in a mixture is 


u= u’ +RT In(a) (3.11) 


where u’ is its chemical potential in the standard state (at a 
defined temperature and concentration), R is the gas constant, 
and T is the absolute temperature. 

Combining Eqs. 3.9-3.11 leads to 


a, 


eal J (3.12) 


Gen 


Substituting from Eq. 3.6, the reaction driving force is 
seen to be directly proportional to the logarithm of the super- 
saturation ratio 


® = RTIn(S) (3.13) 


3.2.3 Estimating Urinary Supersaturation 


There is no great value in estimating S for those stone compo- 
nents that are only found at supersaturated levels in the urine 
of the corresponding stone formers. In these cases, either stone 
analysis or urine analysis showing a urease positive infection 
or cystine levels consistent with a homozygous cystinuria gene 
defect will be sufficient to determine a primary diagnosis and 
treatment regime. For the more common stone types, espe- 
cially where stone analysis is not available, estimating S can 
provide some clinically useful information, over and above 
that given by simply measuring the concentrations of the indi- 
vidual components such as uric acid, calcium, oxalate, etc. 


It is possible to apply the appropriate version of Eq. 3.4 or 
3.8. Finlayson’ referred to these two approaches as semiem- 
pirical and ab initio methods respectively. If applying Eq. 3.4, 
it is necessary to recognize that the concentration - ko will 
vary from urine to urine. This can be determined for the par- 
ticular sample by equilibrating the urine with the appropriate 
crystals and measuring the concentrations remaining in solu- 
tion. This approach has been described fully for CaOx and 
brushite,'' but has rarely been applied in recent years, largely 
from practical considerations. A simplified method for 
brushite has recently been described.'* The other approach is 
to calculate the activities of the various species from their 
measured concentrations and take into account the ionic 
strength and the known interactions between the various spe- 
cies. These calculations are not trivial and are accomplished 
with speciation computer programs. Equil2'* is the best 
known of these for use in urolithiasis investigations while a 
more generalized program, JESS, has also been applied in 
this field.!°'*'’ A comparison of Equil2, JESS, and the 
semiempirical method for brushite suggests that Equil2 over- 
estimates the supersaturation because it does not allow for 
some calcium complexes, particularly Ca,H,(PO,),.'* 

Use of these speciation programs requires measurement 
of all the urinary components that will affect the activity of 
the species in question. This may include all the major elec- 
trolytes, specific species (such as citrate), and pH. A potential 
flaw is that interactions between species not included in the 
program may be significant, particularly calcium-binding 
macromolecules. Tiselius has provided simplified equa- 
tions”! for calcium oxalate and calcium phosphates that 
produce approximate activity products. These are based on 
comparing the urine analysis of many samples with the out- 
come from Equil2 and include only the most relevant species. 
For calcium oxalate, these are limited to calcium, oxalate, 
citrate, and magnesium and the volume. By the same approach 
a similar equation for the activity product of calcium and 
oxalate, without including the volume, has been proposed.” 


3.2.4 Solubility 


One of the obvious factors in determining solubility is the 
temperature, but for the urinary system we can consider this 
to be fixed at 37°C. For many simple systems such as a sin- 
gle, poorly soluble salt in water, it may be appropriate to 
consider the solubility expressed in terms of concentration 
(c,,) despite the awareness that the more fundamental descrip- 
tion should be in activities a- In mixtures such as urine, 
the influence of the other components in solution must be 
considered as they will affect the activity through ionic 
strength effects and the formation of complexes, amongst 
which are the many equilibrium reactions involving H*. 
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The solubility of stone components is very dependent on 
pH. Uric acid becomes more likely to crystallize as the pH 
decreases while calcium oxalate can be solubilized by strong 
acid. Calcium phosphate, in the form of brushite, is least 
soluble around pH 7, but as hydroxy- or carboxy-apatite its 
solubility decreases as the pH rises further and becomes 
more alkaline. Struvite also becomes more insoluble in alka- 
line conditions while cystine becomes more soluble. All 
these effects can be understood by considering the relevant 
protonation/deprotonation reactions and the pH at which 
they occur (Fig. 3.2). The pH of urine will also have less 
direct effects on the solubility of stone components as, for 
example, the changes in the protonation state of citrate/citric 
acid changes will have consequent changes in its ability to 
form soluble complexes with calcium. 

The formation of soluble complexes effectively removes 
free ions from solution and therefore increases the solubil- 
ity expressed as a concentration. This will be particularly 
important for CaOx and calcium phosphates. Not only 
must one consider the direct complexes with the precipitat- 
ing species but also the interactions between the counter 
ions. Thus for CaOx in the presence of citrate and magne- 
sium it would be necessary to account for soluble calcium 
oxalate, calcium citrate species, soluble magnesium 
oxalate, and magnesium citrate species. This is why spe- 
ciation programs, such as Equil2 or JESS, require the con- 
centration of all the major electrolytes as part of their 
input. By the same token, if an important equilibrium reac- 
tion is not included in the program then it will necessarily 
result in some error. 


CaOx Brushite, Uric acid, 
0 Hydroxyapatite, Cystine 
Struvite 
H,C,0, +> HC,0;+ H* 
H,PO, © H,PO; + H” Cys* <> Cys + H* 
HC,03 © C,07, + H* mn 
+ Uric Ų Cys 
i t 
CaC,0,l! Uric & Urate” + H 
Cys Ų 
pH7 + H.PO, HPO? +H] Y 
+ 
Ca?* Cys & Cys’ + H* 
T 
CaHPO, 
HPO, PO? +H* 
F F 
Ca* Mg” 
7 
14 - Ca,.(PO,),OH UNH, 


Mg(NH,) PO, J 


Fig. 3.2 pH and solubility of urinary stone species. Protonation reac- 

tions are shown in boxes, located on the pH axis at their pK ; that is, 

where the equilibrium is at 50%. The precipitating species are shown by 
(ignoring any water of crystallization) 


At the concentration of electrolytes in urine, the ionic 
strength effects on activity are very significant. Ionic strength 
(D is calculated from the sum of the concentrations of the 
various ions and their valencies 


l= Da 


where z, is the valency of the ith ion. The activity coefficient 
(Y) is then usually calculated by some variation of the Debye- 
Hiickel equation such as the Davies modification 


1/2 
Logy = —0.523z° (Se) - o3} (3.15) 


(3.14) 


1+7? 


where the factor 0.523 is a temperature dependent constant 
(for 37°C) and 0.3 is the usual empirical constant, although 
Equil2 uses 0.286." This equation is approximately valid for 
Tup to about 0.1 or 0.2 mol/L; that is, it will become increas- 
ingly unreliable at the higher concentrations sometimes 
encountered in urine. Equation 3.15 gives a value of y for 
divalent ions of 0.303 in 0.2M NaCl. So for CaOx monohy- 
drate, assuming complete dissociation and no complex for- 
mation, the solubility product (at 37°C and zero ionic 
strength) of 2.24 x 10° would increase to 2.44 x 10. The 
difference between this and the measured value"? of 3.83 x 
10 is mainly due to complexes (soluble calcium oxalate, 
sodium oxalate [anion], and CaCl,). 

Changing the solubility through addition of electrolytes is 
often referred to as “salting in” (increasing solubility) or “salt- 
ing out” (decreasing solubility). For calcium salts in urine, the 
effects of ionic strength and complex formation discussed 
previously will generally lead to salting in. A relevant exam- 
ple of salting out was provided by Grover et al.,”* who showed 
that adding dissolved sodium urate to urine could bring about 
crystallization of CaOx or lower its metastable limit (ML). 
Although they did not directly measure CaOx solubilities in 
urate solutions, they showed that the effect was not dependent 
on decreasing the barrier for nucleation. As they pointed out,” 
Equil2 does not accommodate this effect and they discuss 
more fully possible mechanisms to account for it.” 


3.3 Classical Crystallization Processes 


3.3.1 Nucleation 


Nucleation is the initial process in crystallization in which a 
small number (some tens or hundreds) of molecules come 
together to form a crystal nucleus, which can then grow by 
further deposition from the solution. It can be described as pri- 
mary when crystals of the precipitating phase are not involved 
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or secondary when the nuclei form at preexisting crystal 
surfaces. Primary nucleation can be further divided into homo- 
geneous and heterogeneous nucleation. Homogeneous nucle- 
ation occurs spontaneously when the supersaturation is 
sufficient. This is difficult to achieve in practice because of the 
need to exclude all foreign particles and surface imperfections. 
Nucleation that occurs at a surface (of a foreign body or the 
container) is known as heterogeneous. In the absence of pre- 
formed crystals, all nucleation in the urinary system will 
almost certainly be heterogeneous. 


3.3.1.1 Homogeneous Nucleation 


Although homogeneous nucleation is not expected to be rel- 
evant to urinary crystallization, it is helpful to consider clas- 
sical nucleation theory because heterogeneous nucleation 
can then be described as an accelerated or catalyzed version 
of the homogeneous nucleation rate (J). As mentioned in the 
introduction, there is an additional energy barrier to be over- 
come before crystal initiation can be achieved at any signifi- 
cant rate. This is because when very small nuclei increase in 
size, the energy difference between the surface and the par- 
ticle bulk (AG , which is positive) increases faster than the 
decrease in energy difference between the solute occupying 
the volume of the particle and the solute in solution (AG, 
which is negative). AG, is proportional to the surface area 
while AG, is proportional to the particle volume. When the 
nuclei reach a critical size, the overall energy change (AG, + 
AG ) begins to decrease (Fig. 3.3a). Thus particles below this 
critical size will tend to dissolve, while those above will con- 
tinue to grow. For spherical nuclei of radii r, the energy 
change for homogeneous nucleation is 


Fig. 3.3 Classical homogeneous nucleation. (a) The change in energy 
associated with formation of new surface and fresh volume as the size 
of the nucleus increases. The net energy change reaches a maximum at 
a critical nucleus size and thereafter decreases. Particles above this size 
will tend to grow and below this size will tend to dissolve. (b) The 
nucleation rate is dependent on the supersaturation. It is initially very 
low and at some point (the metastable limit) will start to increase very 
rapidly with higher supersaturations 
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where v„ is the molecular volume and y is the interfacial 
energy between the crystal surface and the solution. ® ,, is 
the affinity expressed per molecule (i.e., B/N, where N is 
Avogadro’s number). 

AG om passes through a maximum value (AG ,.) when the 
derivative of Eq. 3.16 with respect to r is zero and the size of 
the critical nucleus is Ts. 
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Substituting the value for r „into Eq. 3.16 simplifies to 
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AG, = 3.19 
crit 3 DA, ( ) 
This can be expressed more generally than for a spherical 
nucleus by using shape factors (œ for the volume, B for the 
surface) and L for the particle size, leading to 
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The energy requirement for formation of the critical 
nucleus can be seen as equivalent to the activation energy for 
a chemical reaction and the Arrhenius reaction equation can 
therefore be applied to express the nucleation rate: 


J = Aexp(-AG,,,, /kT) (3.22) 


rit 
where A is the pre-exponential factor, k is the Boltzmann 
constant. The homogeneous nucleation rate can therefore be 
expressed as 


( 342 | 
J= Ae| — T) (3.23) 
3k°T? (nS) 
and 
( 3.3.2 \ 
J= Aexp| 4B Van | (3.24) 
27a k T’ (InS) 


for spherical and general particles respectively. J is dependent 
on the particle surface tension and the supersaturation and the 
characteristics of the rate equation mean that the rate will 
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initially be undetectable and will start to increase very rapidly 
at some supersaturation ratio greater than 1 (Fig. 3.3b). 


3.3.1.2 Heterogeneous Nucleation 


Heterogeneous nucleation can be viewed as a catalyzed form 
of homogeneous nucleation in which the nuclei form on 
some foreign surface or particle and the Gibbs energy change 
is reduced: 


AG 


net = PAG, (3.25) 


om 
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where @is a factor that is less than 1. It is usual!” to describe 
heterogeneous nucleation of a crystal from solution by anal- 
ogy with the heterogeneous nucleation of a liquid from a 
vapor in which the contact angle (0) is critical (Fig. 3.4). 
This angle can be expressed in terms of the interfacial ten- 
sions between the crystal and solution phase (y), the crystal 
and the nucleating substratum (y), and the substratum and 
solution (y) (Fig. 3.4): 


cos@ = V ss — Yes 
Fa 


The factor ọ in Eq. 3.25, which expresses the catalytic 
nucleating efficiency of the substratum, depends on the con- 
tact angle, with 


(3.26) 


p= (2 —3cos6+ cos’ )/ 4 
or, equivalently, 


@ =(2 + cos@)(1—cos 0) /4 (3.27) 
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Fig. 3.4 Heterogeneous 
nucleation occurs with the 
nucleating crystal, c, forming on 
another surface, S, from solution, 
s. As the contact angle between 
them (0) increases so too does 
the volume of crystal required to 
form a critical nucleus. 
Resolving the three interfacial 
forces in the horizontal direction « 
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As the angle @ increases from 0° through to 180°, the factor 
@ increases from 0 to 1; that is, the surface moves from having 
no nucleating effect through to there being no energy barrier to 
nucleation. The physical meaning of the contact angle for a 
nucleating crystal on a solid is not clear but the analogy with a 
liquid on a surface leads to the idea that as @ decreases, so too 
does the volume of material required to form a critical nucleus; 
for example, compare the volumes of the two nuclei in Fig. 3.4. 
The better the match between the lattice dimensions of the 
crystal nucleus and the nucleating surface, the better will be 
the nucleating efficiency. The limit of 0 =180° can be thought 
of as equivalent to the presence of seed crystals of the crystal- 
lizing compound. 

Of particular interest in uro-crystallization is the potential 
for crystals of one component to have similar lattice param- 
eters to another and thereby act as a promoter of nucleation. 
This can be thought of as a special form of heteronucleation 
and is known as epitaxy. Many different possible matches 
have been described between the dimensions of different 
uro-crystal types” that offer support to the idea that this 
might be relevant. Experimentally, enhanced nucleation of 
stone forming crystals by different uro-crystals has been 
demonstrated (e.g., Refs. 36-39 from Finlayson? and many 
others since). It is also clear that many (or most) stones con- 
tain more than one crystalline component and that the center 
or apparent initiation point of stones is often distinctly differ- 
ent from the majority of the material.” 

Secondary nucleation occurs in the presence of crystals of 
the crystallizing component. If seed crystals are introduced 
into a metastable supersaturated solution they would be 
expected to grow without a change in particle number, but if 
the particle number increases this suggests that secondary 
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nucleation has taken place. This can arise through direct 
solution — crystal interaction or through crystals colliding 
with each other or their surroundings. By definition this can- 
not be the process to initiate crystallization within the uri- 
nary system, but it could be important in the later stages of 
stone formation.**”° 

There have been relatively few attempts to apply an under- 
standing of nucleation theory, particularly interfacial ener- 
gies and contact angles, to stone research, although Wu and 
Nancollas have discussed the theories and their application 
in some detail.*”°“° This lack of application is disappointing 
because, as the initial process required to kick-start crystal- 
lization, it is of fundamental significance, as was highlighted 
by Finlayson more than 30 years ago.’ 


3.3.1.3 The Metastable Limit and Induction Time 


Two aspects of nucleation of uro-crystals that have received 
considerable practical attention are the metastable limit 
(ML) and the induction time (T). The ML is the supersatu- 
ration at which spontaneous nucleation occurs (i.e., it 
reflects the magnitude of AG „„) and the induction time is 
the delay between generating the nucleation and the mea- 
surable onset of crystallization. The ML is a much less 
well-defined boundary than the supersaturated/undersatu- 
rated point (Fig. 3.1). It is very difficult to ensure that truly 
homogeneous nucleation takes place and it is difficult to 
control reproducibly the nature and quantity of heteroge- 
neous nucleators. Even if it were possible to achieve homo- 
geneous nucleation, this will not generally be appropriate 
for the study of uro-crystals where urine is often the pre- 
ferred medium. Measurement of the onset of nucleation 
will be technically demanding and, in practice, the observed 
onset point will usually have included crystal growth. This 
time taken for the nucleated crystals to grow sufficiently to 
produce a detectable change in the system will be part of T. 
The timing of the observations will therefore be important, 
as it may or may not be sufficient to include the induction 
time (Fig. 3.5), with consequences for the interpretation of 
the results. 

Despite these practical limitations, use of ML or T can be 
useful to explore the differences between different urines in 
their nucleating potential or to examine particular crystals 
for epitaxy and the ability of additives to modify nucleating 
activity. Under these circumstances, it is comparisons of 
results that matter rather than the absolute values. tT can sim- 
ply be expressed as a time but a number of ways of express- 
ing the ML are employed, often dependent on the methods 
being used. Rather than calculating the supersaturation, it 
may be more convenient to state the results by the extent the 
supersaturation was raised; for example, by the amount of 
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Fig. 3.5 Estimation of metastable limit (ML) and the influence of the 
induction time. If metastable solutions with a supersaturation of SO are 
raised to supersaturations of S1, S2, and S3 at t0 and observed for onset 
of crystallization at t1, t2, and t3 different conclusions would be reached. 
At tl, ML > S3. At t2, ML > S2 and < S3. At t3, ML > SO and < S1 


added oxalate required to initiate crystallization of CaOx. If 
urines, which will vary in their ionic composition, are being 
tested and compared, it would be preferable to calculate the 
ML from the known composition and the added oxalate; but 
it is often seen as sufficient to calculate a formation product 
(FP), for example, 


FP =(Ca)x (Ox) (3.28) 

Because estimates of ML or Tare likely to include a period 
of crystal growth as well as nucleation, it is important to rec- 
ognize that it may not be possible to conclude that any 
observed changes are restricted to changes in nucleating 
activity. 

Measurements of T (and to a lesser degree, ML) can be 
used to investigate not only comparative nucleation activity 
but also the nucleation kinetics more directly. If Tis consid- 
ered to be inversely proportional to the nucleation rate, then 
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and plotting Int against 1/(InS)* should give a straight line 
from which y, can be calculated. In practice, there may be 
different regions of the plot, corresponding to two straight 
lines, reflecting heterogeneous and homogeneous nucleation. 
An example of this approach to CaOx nucleation is given by 
El-Shall et al.*! 

Together, the ML and Tt can allow supersaturated urine to 
be produced without resulting in cyrstalluria. T may be espe- 
cially important within the renal tubules where the develop- 
ing urine passes from one region to the next, being modified 
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as it moves along. In regions where conditions are right for 
nucleation to take place, T could prolong the process until 
conditions have changed so as not to be so favorable. 


3.3.2 Crystal Growth 


Crystal growth is usually taken to mean the incorporation of 
solute into the crystal lattice; that is, it does not necessarily 
equate to an increase in average particle size, which can also 
happen by aggregation. While nucleation is a crucial first 
step in crystallization, it is crystal growth that accounts for 
the bulk of the material precipitated. Without growth, clini- 
cally significant stones would not form. 

It is usual to consider two processes that must be performed 
in sequence to achieve crystal growth: transport of the crystal- 
lizing component or ions from the solution to the surface and 
their incorporation into the lattice. If the rates of these two 
processes are dissimilar, then the process with the slower rate 
will control the overall crystal growth rate; while if they are 
similar, then both will contribute to the growth kinetics. 

As the crystallizing species are integrated into the solid 
crystal, the local solution concentration at the surface is 
decreased and a concentration gradient between the crystal 
and the bulk solution can develop. Transport across this 
region is dependent upon the concentration gradient, the dif- 
fusion coefficient, and the thickness of the layer. The thick- 
ness in vitro would depend on the agitation imposed, but in 
the renal system the fluid flow rate and any crystal immobili- 
zation (e.g., to a cell membrane) would be expected to be 
important factors. 

Various models for the integration of new material into 
the lattice have been proposed. Units of the crystallizing sub- 
stance at the surface of the crystal may form an adsorption 
layer in which, although they may have lost solvated water, 
they have not yet become firmly integrated into the lattice. 
Under these conditions they can undergo surface diffusion. 
They can then become incorporated when they find them- 
selves coming up to an active center such as a step. The sur- 
face diffusing units may also come together at a point on the 
surface in sufficient numbers to act as a two-dimensional 
nucleus, which then acts as an active center for further units. 
Kinks and dislocations on the crystal surface can also act as 
active centers from which growth can propagate. The kinet- 
ics of growth are usually described by the empirical relation- 
ship to the relative supersaturation (0): 

g=ko" (3.30) 
where g is the crystal growth rate, k is a rate constant, and n 
is referred to as the reaction order. The value of n is 


indicative of the growth mechanism with, for example, n = 1 
suggesting diffusion from solution as the controlling process 
and n = 2 suggesting surface diffusion and integration domi- 
nate.*5 A reaction order of 2 has commonly, but not always, 
been reported for CaOx crystal growth.*"*-*° Since the advent 
of atomic force microscopy, it has been possible to visualize 
and measure crystal growth directly, and it is clear that mea- 
surement of growth rates and reaction orders from a crystal- 
lizing solution can only give information about the overall 
process. At the level of individual crystallographic faces, 
atomic force microscopy reveals that different mechanisms 
and rates can apply in specific crystallographic directions of 
CaOx monohydrate.*”** 


3.3.2.1 Desaturation Profile 


During the course of crystallization the incorporation of sol- 
ute into the crystal lattice will deplete the solution supersatu- 
ration (unless it is replenished) and this can have a significant 
effect on the relative significance of different crystallization 
processes as they proceed toward the equilibrium position. ! 
The way that supersaturation is developed and allowed to 
decay can be a helpful way of distinguishing between differ- 
ent laboratory crystallization methods.*’ As uro-crystals 
form, they may be swept along with the surrounding urine, 
which will therefore undergo desaturation; but if they have 
become fixed, their milieu will be continually replenished by 
fresh urine. Once beyond the ducts of Bellini, any suspended 
crystals and developing stones will be in urine that is being 
continually refreshed and they can be thought of as being in a 
mixed suspension mixed product removal system in which a 
characteristic supersaturation is dynamically maintained.* 


3.3.2.2 Stoichiometry 


When two or more ions combine to produce the crystal then 
their stoichiometry in solution and solid phases can be very 
important. For example, calcium and oxalate are present at 
1:1 in the crystal, but in urine the ratio may typically be 
anything between about 5:1 and 50:1. It seems self-evident 
that the ion in the minority would have a rate controlling 
influence and Robertson found that the volume of CaOx 
crystallized from solutions with the same initial supersatu- 
ration but different stoichiometries followed a bell-shaped 
curve against the log of the ratio, reaching a peak when the 
ratio was 1:1.“ It should be remembered that in a desaturat- 
ing system, such as was used in this case, the ratio of ions 
remaining in solution will also change during the course of 
the crystallization. Zhang and Nancollas*! analyzed and dis- 
cussed the effect of the ionic ratio for a simple crystal and 
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showed that symmetrical curves of rate against the log of the 
ratio are expected for crystal growth governed by transport 
processes or by surface integration. The effect for both 
mechanisms becomes more pronounced with increasing 
supersaturation (Fig. 3.6). Chernov et al. measured 
growth of steps on CaOx monohydrate crystals by atomic 
force microscopy and found approximately symmetrical 
profiles for growth against log calcium:oxalate ratio at a 
constant supersaturation, which is consistent with the theo- 
retical predictions with the assumption that the attachment 
of calcium and oxalate each have the same proportional 
relationship to their concentrations. 

In the case of urine, a small increase in calcium will 
increase the calcium:oxalate ratio while a small increase in 
oxalate will decrease the calcium:oxalate ratio, and these 
opposing changes in ratio will push the growth rate in oppo- 
site directions. For a kink propagation model, one can calcu- 
late that for typical urine values an increase in calcium by 
10% might increase the crystal growth rate by 10%, but a 
10% increase in oxalate would have a corresponding increase 
in growth rate of 23% (Table 3.1). 
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Fig. 3.6 The effect of changing the ionic ratio on the relative crystal 
growth rate for two different mechanisms and supersaturations. Curves 
calculated from equations B1 and B8 of Zhang and Nancollas*! 


Table 3.1 Example of effects of 10% changes in calcium and oxalate 
concentrations on crystal growth rate (g) 


Oxalate S Correction Change 
(mM) factor in g (%) 
6.0 0.30 9.8 20.0 0.54 52 
6.6 0.30 10.5 22.0 0.51 5710 
6.0 0.33 10.8 18.2 0.55 64 23 


S is calculated with Equil2"’ using an artificial urine composition“ and 
g (in undefined units) is taken to be proportional to (S — 1)? (Eq. 3.30) 
times the correction factor for kink propagation given by equation B1 of 
Zhang and Nancollas*! 


The large calcium:oxalate ratios in urine have been widely 
held to be responsible for realistic changes in oxalate changes 
having a disproportionately large effect on the supersaturation 
compared to changes in calcium. It is suggested that as the 
calcium and oxalate in urine are in equilibrium with soluble 
calcium-—oxalate complex, then an increase in calcium will, to 
some extent, be offset by a reduction in ionized oxalate; on the 
other hand, an increase in oxalate will have a negligible effect 
on the ionized calcium, which is present in comparative 
excess.“ The magnitude of this effect has been disputed* and 
the difference in opinion ascribed to the dissociation constant 
used for the soluble calcium—oxalate complex. The higher the 
value used the greater will be the disproportionate effect of 
calcium and oxalate changes. The recent reanalysis“ uses a 
lower (and widely accepted) value for this dissociation com- 
plex and concluded that, over physiological meaningful 
ranges, changes in the calcium and oxalate would have very 
similar effects on the supersaturation. While the similarity of 
response in S to changes in Ca and oxalate is true over most of 
their range, the discrepancy grows with increasing concentra- 
tions. Changes in calcium in a hypercalciuric sample will have 
a smaller effect on S than changes in oxalate in a hyperoxalu- 
ric sample of the same volume. 


3.3.3 Aggregation 


When crystals are observed in urine, naturally occurring or 
produced in vitro, they are commonly seen to be clumped 
together. This aggregation is a means of rapidly increasing 
the average particle volume and, as stones are clearly poly- 
crystalline aggregates, the process is widely seen as crucial 
in enabling uro-crystals to become entrapped and to develop 
into macroscopic stones.***’ Because aggregation of crys- 
tals is likely to take place at the same time as growth and 
nucleation, changes in particle numbers or volumes will 
reflect all three processes. In a continuously crystallizing 
mixed suspension mixed product removal system a steady 
state crystal size distribution is achieved from which it is 
possible to isolate and quantify the different processes. 
If a metastable solution is seeded with the appropriate crys- 
tals then nucleation events can largely be excluded, and the 
growth and aggregation contributions can be separately 
extracted from the change in crystal size distribution during 
the crystallization.” 

The aggregation process can be described as the outcome 
of a series of collision events between two crystal masses, 
which either results in their dispersion or consolidation by 
local crystal growth to establish a cementing bridge or 
neck.*’*! The consolidation rate (R „) is thus an expression 
of the aggregation rate (Rio) which is the difference between 


the collision rate (R „) and the dispersion rate (R a) 
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Fig. 3.7 The rate of aggregation (R,,,) reflects the rates of collision and 
dispersion (Roi and R oN where the difference between Ron and R m is 
the rate of consolidation (R,,,.) (Reprinted with kind permission from 
Springer Science+Business Media’) 


(Fig. 3.7). Ro» can also be expressed in terms of an Rn 
aggregation efficiency factor Y and if consolidation is seen 
as dependent on growth one would expect the aggregation 
rate to be similarly dependent on growth: 


Ragg = Roon = Roon ~ R = YR 


disp coll 


(3.31) 


The collision rate will depend on the particle sizes and the 
hydrodynamics. Small (e.g., <0.2 um) particles dispersed in a 
static environment can be described by perikinetic coagulation, 
and larger crystals in a stirred vessel correspond to orthokinetic 
aggregation,’ where the rate is proportional to the average 
diameter and square of the particle number (the Smoluchowski 
equation). The hydrodynamics in the renal system will be com- 
plex and variable throughout and have not been rigorously 
applied to aggregation models. On the other hand, aggregation 
in stirred crystallizers is the norm for experimental studies. 

Following a series of papers on experimental CaOx mono- 
hydrate aggregation, with a developing theoretical basis, 
Hounslow and colleagues have reached a point where they 
can explain their data in terms of the Smoluchowski orthoki- 
netic equation governing the collision rate and a dimension- 
less strength factor (M) that determines the efficiency factor 
W.°°>? According to this analysis, 


Y= MIM sy _ (3.32) 
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where M., is the value of M for which Y = 0.5 and M is 
directly proportional to the crystal growth rate and the length 
of the initial edge of contact. A recent reanalysis of 
Hounslow’s data*’ uses a theory that considers that there will 
be a thin film of liquid between the two approaching crystals 
and consolidation as an aggregate requires the formation of 
nucleus-bridges across the gap. A satisfactory fit between the 
data and model was found with a suggested gap width of 
1-1.5 nm. In this model, the efficiency factor is related to the 
supersaturation. 

Whatever the physical details of the consolidation 
activity and despite the fact that large stirred chambers 
will behave differently from in vivo renal spaces, these 
approaches demonstrate the dependence of aggregation 
on crystal growth and supersaturation. They also offer 
experimental and theoretical tools to assess and compare 
aggregation inhibitors. 


3.4 Nonclassical Crystallization 


The previous description of uro-crystallization and stone for- 
mation as being essentially a sequential process of nucleation, 
growth, and aggregation follows the classical description of 
crystallization. Recently, new concepts and experimental 
evidence have emerged, particularly related to controlled 
biomineralization and bio-inspired crystallization, which may 
be applicable to the (relatively) uncontrolled biomineraliza- 
tion of urinary stones.™ In contrast to the classical view of 
growth being an ion by ion incorporation at energetically 
favored sites on a face growing from a critically sized nucleus, 
an alternative model is clustering and assembly of nanoparti- 
cles.* * The ordered assembly of small units has been described 
as mesocrystallization™®™ where the controlled alignment of 
the units can give x-ray scattering properties and a well-faceted 
appearance similar to a single crystal. Through fusion of the 
aligned units, a mesocrystal may transform into a single crys- 
tal, in which case the mesocrystal would be considered an 
intermediate stage. This view of subunit assembly is better 
able to accommodate inclusion of macromolecules within the 
crystalline structure because it can overcome the objection 
that such inclusions would be expected to absorb at kinks and 
edges of the crystal and thereby inhibit further growth." 
Copper and cobalt oxalates are among the quoted exam- 
ples of mesocrystals that have been well studied where the 
presence of additives is important in directing the out- 
5-58 The assembly of the nanoparticles into a 
mesocrystal structure can be seen as an ordered aggregation 
phenomenon. A number of processes have been suggested 
to direct aggregation such as removal of solvent or adsorbed 
modifiers from particular faces or the generation of electri- 
cal dipoles, which might also arise from absorbed mole- 
cules in surface-specific locations.” Working with calcite 
crystals (CaCO,), a continuity of polymer mediated crystal- 
lization has been proposed with single crystals as one 
extreme, disordered aggregates as another, and ordered 
mesocrystals in between.*’ In this scheme the polymer con- 
centration, the supersaturation, and ion stoichiometry are 
all important in determining which morphology from the 
continuum available is produced. A low supersaturation 
favored single crystals and higher supersaturation (with 
greater nucleating potential) progressively supported aggre- 
gation of nanocrystals with increasing disorder. From this 
example and extrapolating to the urinary environment, with 
its continuous replenishment of substrates, the potential for 


come. 


production of mesocrystal forms seems worthy of investi- 
gation. There are a number of reports on CaOx crystals in 
urine and in stones that suggest an ordered ultrastructure 
and face specific inclusions consistent with the picture of 
mesocrystallization.™ On the other hand, the observation 
of a crystal substructure does not necessarily imply an 
ordered assembly of nanoscale subunits; for example, the 
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appearance of a nanostructural morphology of CaOx mono- 
hydrate by inclusion of small amount of europium or ter- 
bium has been interpreted as changes in the orientation of 
ion-by-ion growth.” 


3.5 Other Crystallization Processes 


3.5.1 Promotion/Inhibition 


Promotion and inhibition of uro-crystallization have for 
many years been at the forefront of urolithiasis research 
because of the potential for diminished inhibition or enhanced 
promotion to explain uro-crystallization in some individuals 
but not others. As has been made clear previously, any means 
of increasing or decreasing the urinary supersaturation would 
be expected to promote or inhibit crystallization. Although 
some authors include this in their definition of promoters and 
inhibitors, these terms are more commonly reserved for 
modification of crystallizing activity through more direct 
effects at the nucleus—substratum or crystal—solution inter- 
face. Crystallization inhibitors, particularly citrate and mac- 
romolecules will be dealt with elsewhere in this book. From 
what has been said previously about aggregation, one would 
expect inhibitors of crystal growth would also inhibit aggre- 
gation, and this seems to be generally the case. Promotion of 
uro-crystallization usually equates to enhancement of het- 
erogeneous nucleation. Epitaxy as a particular form of this 
has been discussed previously, and there are reports of other 
nucleation promoters such as lipids and membrane frag- 
ments.“ Adsorption of urinary macromolecules onto nucle- 
ating particles can also enhance their catalytic effects (e.g., 
albumin on hydroxyapatite as an inducer of CaOx 
nucleation).*° 

A fuller understanding of promotion/inhibition, the related 
phenomenon of crystal interactions with cells or with each 
other and how these are modified by urinary constituents is 
likely to emerge from further use of atomic force microscopy 
and molecular modeling. This may expose details of the site, 
orientation, and specificity of modifiers at the crystal 
surface. 


3.5.2 Morphology/Aging 


Much of what has been written previously in this chapter pays 
scant regard to crystal size, shape, form, or packing, or how 
these may change and evolve during a crystallization process. 
These are clearly a very important aspect of stone formation 
because calculi are the products of uro-crystallization over a 


prolonged (but not necessarily continuous) period. Although 
much of the activity in which we are interested is not amena- 
ble to realistic experimental interrogation, the processes must 
still operate according to physical-chemical principles that 
apply in simpler systems. Amongst these is Ostwald’s rule of 
stages which predicts that, generally, the first form to crystal- 
lize will be the least stable, followed by transformation 
through to the most stable. For CaOx, the trihydrate is the 
least stable form (rarely seen as uro-crystals or in stones), fol- 
lowed by the dihydrate (often found in stones), then the 
monohydrate (most stable and most common form in stones). 
The stabilities of different forms of calcium phosphate are pH 
dependent, which can account for the dominant forms chang- 
ing with pH® and why hydroxyapatite is much more common 
as a stone component than brushite. The transformation 
between polymorphs may involve dissolution and recrystal- 
lization, and another scenario where this occurs is in Ostwald 
ripening, when smaller crystals may dissolve and support the 
growth of larger neighbors. 

An experimental example of many of these processes has 
recently appeared® in which brushite crystals were dissolv- 
ing in slightly supersaturated calcium oxalate. The dissolu- 
tion locally raised the calcium concentration enabling CaOx 
monohydrate to be nucleated on the brushite crystals. During 
these reactions a dehydrated form of brushite and CaOx tri- 
hydrate appeared as intermediates. 


3.6 Conclusions 


Uro-crystals and stones can only form when supersatura- 
tion has developed and even then there is a further energy 
barrier to overcome in order for nucleation to be initiated. 
For rare stones such as cystine, most people are safely 
behind the lines of supersaturation and the metastable limit, 
while those few at risk are well into enemy territory. For 
more common stones (uric or calcium phosphates) the gen- 
eral state is to be behind the front line with occasional for- 
ays over the top into no-man’s-land, while for calcium 
oxalate most people are regularly in the danger zone of 
no-man’s-land and it may only take a modest change in 
urine composition to bring them into contact with enemy 
lines. This can be seen as a necessary outcome of our need 
to regulate calcium and to excrete oxalate, a toxic product 
that we take in with our food and produce as an end result 
of some metabolic pathways. 

Crystallization processes, similar in most respects to uro- 
crystallization, have been widely studied by chemists, crys- 
tallographers, and engineers and they have given us many of 
the theoretical and practical tools we need to describe, 
understand, and further investigate the events leading to 
stone formation. 
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The Possible Roles of Inhibitors, Promoters, and 4 
Macromolecules in the Formation of Calcium 


Kidney Stones 


Rosemary Lyons Ryall 


Abstract The formation of kidney stones depends, absolutely, on the nucleation of sparingly 
soluble salts — principally calcium oxalate — in the urinary tract. Under everyday conditions, 
urine is supersaturated with calcium oxalate, and occasionally we all pass calcium oxalate 
crystals in our urine. Yet, we do not all suffer from kidney stones. Why? Because urine 
contains a range of low and high molecular weight components that are able to inhibit the 
nucleation of crystals or, if crystals do nucleate, which prevent their enlargement by growth 
or aggregation into particles large enough to block the renal collecting tubules. The same 
molecules may also affect the likelihood that crystals attach to, or nucleate directly upon, the 
renal epithelium. Some are also occluded within the mineral bulk of urinary crystals, and by 
disrupting their crystalline structure they may assist their intra-renal degradation, dissolution, 
and disposal. This chapter reviews what is known about the possible, and paradoxical, roles 
of urinary low molecular weight components and macromolecules in the formation of stone 
mineral crystals and their potential functions in the development of human kidney stones. 


Abbreviations IMCD inner medullary collecting duct 
kDa kiloDalton 
MALDI-TOF matrix-assisted laser desorption 


BALB/c3T3 mouse cell line de aa of od . 
ionization-time of flight 


BSC-1 African green monkey kidney cell line 


: : in- ine kidn Ils 
CAKI-1 human kidney cancer cell line perio one ee ey ce 
i mRNA messenger RNA 
CaOx calcium oxalate : : 
: NRK-52E normal rat kidney cell line 
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HPLC-MS high pressure liquid chromatography/ 
tandem mass spectrometry 


HS heparan sulfate : 
HSA human serum albumin 4.1 Introduction 
Ial inter-a-trypsin inhibitor inter-c-inhibitor 


Although most information presented in this chapter is con- 
cerned principally with calcium oxalate (CaOx), because it is 
the most abundant and ubiquitous mineral component of 
human kidney stones, in many instances it applies equally to 
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process or the attachment of crystals to cells, despite the fact 
that, in the strictest sense, it should be used to describe only 
those substances that bind to crystal surfaces.' I have omitted 
reports of plant products other than phytate, and have left 
detailed discussion of the basic physicochemical mechanisms 
of inhibitory action to the experts, such as Chap. 3 by 
Kavanagh and published reviews.** The promotion of crys- 
tallization by increasing supersaturation is not included, since 
that is also dealt with in the previous chapter. 


4.2 Calcium Oxalate Crystallization 
in the Urinary Tract 


Stone formation involves a cascade of several crucial events 
beginning with supersaturation of urine with a sparingly sol- 
uble salt — most frequently CaOx. The degree of supersatura- 
tion of urine with CaOx fluctuates constantly, depending 
upon the state of hydration and the dietary intake of foods 
containing calcium and oxalate. Nonetheless, under every- 
day conditions, the urine of most individuals is supersatu- 
rated with the salt, which can lead to nucleation of crystals 
within the urinary collecting system. Although stones will 
not form without crystals, their nucleation is not synonymous 
with stone disease, since all of us occasionally experience 
crystalluria.© The fact that only about 10% of us get stones 
suggests that most crystals pass unimpeded through the kid- 
ney and are expelled innocuously in the urine. Progression 
from crystal nucleation to stones therefore requires retention 
of the crystals within the kidney, which is thought to occur 
by either a free particle or a fixed particle mechanism. The 
principal, and critical, difference between these two mecha- 
nisms is that free particle stone formation is hypothesized to 
be a physical process — mechanical, log-jamming blockage 
of renal tubules caused by large numbers of crystals. On the 
other hand, fixed particle stone formation is seen as the prod- 
uct of a battery of physiological processes involving epithe- 
lial cell surface injury and interactions between molecular 
motifs on their surfaces and atomic arrays, ions, and macro- 
molecules on crystal surfaces. 


4.2.1 Free-Particle Stone Formation 


Figure 4.1 shows the events involved in the “Free Particle” 
theory of stone formation.4.1. Supersaturation of urine with 
CaOx leads to nucleation of crystals, which, provided the 
urine remains supersaturated, can enlarge both by deposition 
of additional solute upon their surfaces (growth) and by 
aggregating to form clusters. Each process is depicted sepa- 
rately in Fig. 4.1, but both can occur simultaneously. Growth 


Urine supersaturated with CaOx 


nucleation 
Nooo 


tissue components released 
boos oe 


Fig. 4.1 Illustration depicting the events involved in “Free Particle” 
stone formation. Supersaturation of urine with calcium oxalate (CaOx) 
leads to nucleation of crystals, which can then grow and aggregate to 
form clusters of larger crystals. If the degree of supersaturation is suf- 
ficiently high, large numbers of crystals could nucleate and occlude a 
tubule by a process of log-jamming, which could abrade the epithelial 
membrane and cause the release of low (red stars) and high (red 
“worms”’) molecular weight blood and tissue components 


alone will not cause intrarenal crystal entrapment, because 
even high degrees of supersaturation are unable to permit 
sufficient deposition of new CaOx upon the surfaces of newly 
formed crystals to cause tubule blockage.° On the other hand, 
aggregation enables the formation of larger crystalline par- 
ticles in a short period of time and is therefore regarded as 
the more important of the two mechanisms of particle 
enlargement.’ Although this is supported by the observation 
that recurrent stone formers excrete greater quantities of 
large CaOx crystal clusters than do healthy subjects,’ aggre- 
gation alone is also unlikely to block a tubule during short 
periods of time without high degrees of supersaturation and 
large crystal numbers. However, as shown in Fig. 4.1, the 
simultaneous occurrence of both processes could cause crys- 
tal retention, particularly under conditions producing large 
crystal showers, which will produce local inflammation, 
injury, and the release of tissue and blood components into 
the urine. 

Thus, the free-particle theory proposes that tubular occlu- 
sion occurs by spontaneous nucleation of crystals, which 
subsequently grow and aggregate to a size that could block a 
collecting duct. The theory has been challenged, on the basis 
that newly formed crystals do not remain in the kidney for 
long enough to allow growth to produce sufficient particle 
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enlargement to enable tubular occlusion.° However, it is cer- 
tainly theoretically feasible,’ has never been disproved, and 
is supported by work demonstrating that the enlargement of 
artificial stones to physiologically troublesome sizes corre- 
lates with high physiological concentrations of calcium and 
oxalate, as well as the number of crystals suspended in the 
surrounding medium.® Nevertheless, at the present time, 
there is general consensus that most stones are more likely to 
arise from a “fixed-particle” mechanism. 


4.2.2 Fixed-Particle Stone Formation 


The “Fixed Particle” theory of stone formation favors nucle- 
ation of crystals directly on to the renal epithelium, or attach- 
ment of previously precipitated crystals to the renal epithelial 
brush border membrane, as illustrated in Fig. 4.2. 

The presence of crystals on the epithelial surface would 
effectively reduce the luminal diameter, impede the flow of 
urine and the passage of any crystals formed upstream, and 
increase the likelihood that they will adhere to crystals 


Urine supersaturated with CaOx 
EE — ee 


nucleation 


crystal-cell attachment 


Fig.4.2 Diagrammatic representation of “Fixed Particle” stone formation. 
Supersaturation of urine with CaOx leads to nucleation of crystals, which 
can then attach directly to the epithelial cell membrane, where they can act 
as barriers for crystals nucleating later. During successive periods of urinary 
supersaturation, the bound crystals can then grow and also aggregate with 
other crystals that subsequently nucleate. The combination of attachment, 
growth, and aggregation then leads to tubule occlusion, epithelial damage, 
and the release of low (red stars) and high (red “worms’”’) molecular weight 
blood and tissue components 


already attached to the tubular walls. With time, the tubule 
would become blocked with crystals, which as mentioned 
above, would cause local irritation and injury and the release 
of blood and structural molecules into the urine. Nucleation 
of CaOx dihydrate (COD) occurs on cultured renal cells,’ 
and many studies have shown that the same cells bind CaOx 
monohydrate (COM)'*'> and COD.'° Intratubular binding 
has been confirmed to occur in vivo in lithogenic rats'’ and a 
patient suffering from primary hyperoxaluria.'* Readers are 
referred to Chap. 5 by Khan for a detailed account of factors 
leading to cellular injury and adhesion of crystals to renal 
epithelial cells. Here, discussion will be confined principally 
to urine itself and selected molecules that inhibit or mediate 
crystal adhesion. 


4.2.3 The Inhibitor Theory of Stone Formation 


It is clear that the progression from supersaturated urine to 
crystal to stone proceeds through several intermediate steps 
involving a free- or fixed-particle mechanism. However, irre- 
spective of which mechanism operates in vivo, relatively few 
of us form stones, despite the fact that our urine is ordinarily 
supersaturated with CaOx. The human body must therefore 
be able to prevent nucleation of crystals within the urinary 
tract, or if crystals do nucleate, their retention in the kidney. 
This notion is not novel. 

Fifty years ago Howard and Thomas’ showed that urine 
from healthy individuals could inhibit the calcification of 
rachitic rat cartilage while that from stone formers could not. 
They proposed that the urine of healthy individuals contained 
“preventers” that prevented calcification, which were absent 
from, or deficient in, the urine of stone formers. The quaint 
term “preventers” was later replaced by “inhibitors,” which 
quickly became the principal protagonists in what has 
become known as the inhibitor theory of stone formation. 
The basis of the theory is illustrated in Fig. 4.3, which shows 
CaOx crystals newly precipitated from supersaturated urine. 
Low and high molecular weight inhibitors immediately 
attach to the crystal surfaces and retard or prevent enlarge- 
ment of the crystalline particles by aggregation or deposition 
of additional calcium and oxalate ions. 

Prompted by the exciting possibility that stones could be 
prevented by correcting a person’s inhibitory deficit by 
dietary or pharmacological manipulation, researchers 
embarked upon a quest to discover natural and synthetic 
agents capable of preventing the formation of kidney stones. 
This has been achieved principally by testing the effects of 
those agents on (1) the formation of stone crystals induced in 
experimental animals; (2) the attachment of stone crystals to 
renal epithelial cells in culture; or (3) the crystallization 
of stone salts in a simple crystallization system in vitro. 
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Fig. 4.3 Diagram depicting the 
putative role of inhibitors in 
stone prevention. Urine contains 
low molecular weight (stars) and 
high molecular weight 
(“worms”) components, which 
attach to the surfaces of newly 
formed crystals and inhibit or 
retard their growth and aggrega- 
tion, allowing them to be passed 
harmlessly in the urinary stream 


These approaches have yielded a monumental amount of 
valuable information, but it is essential to remember that they 
are still just models, and it is hardly surprising that the vast 
amount of information collected to date has not always been 
consistent. There are various reasons for this:. 


4.3 Measuring Inhibition and Promotion 
of Crystallization and Cell Adhesion 


4.3.1 The Complexity of Crystallization 


As is shown in Figs. 4.1 and 4.2, in stone pathogenesis the 
phenomenon of “crystallization” actually comprises several 
distinct, but interdependent, steps, namely, nucleation, 
growth, and aggregation, each of which could be influenced 
to different extents by a given molecule. For instance, nucle- 
ation could be promoted by a particular macromolecule that 
acts as a heterogeneous seed, or which sequesters calcium 
and oxalate ions to produce high local supersaturation levels 
of CaOx. It could also be prevented by molecules that bind 
either calcium or oxalate and thereby reduce supersaturation 
to levels at which precipitation is unlikely to occur. A single 
agent could inhibit the growth and aggregation of embryonic 
crystals by binding to their surfaces; or it may influence 
aggregation, but have no effect on growth. Or it may inhibit 
even without attaching irreversibly to the crystal surface, 
such as occurs with Tamm-Horsfall glycoprotein (THG), 
which prevents collisions between crystals simply by getting 
in the way.” 


4.3.1.1 Uncertainty About Working Material: Identity, 
Purity, and Source 


Except for those involving low molecular weight materials, 
which can be obtained in a state of high purity from reputa- 
ble companies, many studies have used macromolecules 
whose identities have not been unambiguously demonstrated, 
either by Western blotting using specific antibodies, or by 


Macromolecules (f) and low Mr 
inhibitors (@) in healthy urine 


Adsorption of macromolecules 
and low Mr inhibitors to crystals 


Harmless expulsion 
of crystals in urine 


direct sequence analysis using other conclusive techniques. 
Even when a molecule’s identity is known, and it has been 
purified from human urine, blood, or tissues, it may not be 
pure. Nor is it necessarily in its physiologically active form. 
For instance, fully intact urinary osteopontin (OPN) migrates 
on SDS-PAGE at 50-60 kDa,” but multiple bands are usu- 
ally evident,” because the protein is digested by endogenous 
urinary serine proteases.**** Full phosphorylation of OPN is 
required for inhibition of hydroxyapatite formation? and 
CaOx crystal growth,” but the degree of phosphorylation of 
OPN used in inhibition studies is rarely, if ever, mentioned. 

The very process of purifying a protein, especially if it 
involves repeated freeze-thaw steps, can cause irreversible 
molecular fragmentation and removal of functional groups 
essential for its activity in vivo. Yet, the effects of proteins in 
various crystallization systems are often presented without 
any information about their state of purity. Work is also often 
performed using commercial preparations of macromole- 
cules of dubious quality. Rodgers et al.” showed that a com- 
mercial preparation of human serum albumin was 
contaminated with other proteins and its inhibitory effects 
differed from those of the protein purified to homogeneity 
from human urine. Macromolecules may even be derived 
from foreign species.” Published findings may therefore 
bear scant similarity to what actually happens under physio- 
logical conditions. 


4.3.1.2 A Multiplicity of Methodologies 


Since the pioneering work of Howard and Thomas,” an 
imaginative range of in vitro crystallization systems*” has 
been devised to assess the inhibitory effects of urine itself, 
inorganic ions and small molecules, fractionated and total 
urinary macromolecules, lipids, individual urinary proteins 
and glycosaminoglycans (GAGs), and artificial polymers. 
Those experimental models have been based on simple inor- 
ganic solutions, artificial inorganic urines, gels, and whole or 
processed urines, and have entailed the use of closed batch, 
continuous or constant composition crystallizers, and other 
less conventional techniques, including freezing” and a very 
novel “stone farm.”*' Using these techniques, investigators 
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have measured rates and extents of nucleation, growth, 
aggregation, or combinations of these processes, based on 
particle size analysis, turbidity, radioactive tracers, and 
atomic absorption spectrophotometry, to name a few — mute 
testimony to the fertile inventiveness of urolithiasis research- 
ers! As would be expected from the use of such a disparate 
assortment of methodologies, most of which have involved 
the use of aqueous inorganic media instead of urine, findings 
have often been inconclusive, physiologically irrelevant, 
confusing, and occasionally, downright contradictory. THG 
is again a useful example. Depending upon which particular 
method is used to induce crystallization, THG promotes and 
inhibits CaOx crystal formation.» 


4.3.1.3 Necessary but Imperfect: Experimental 
Cell Models 


It will never be possible to reproduce faithfully all the physi- 
cal or biochemical conditions operating in the human 
nephron, so it will always be necessary to infer what might 
occur under physiological conditions from data generated in 
experiments conducted in vitro. 

Obviously, immortalized cultured cells are not represen- 
tative of epithelial cells actually lining the urinary tract, so 
we cannot be sure that crystal adhesion to cultured cells 
steeped in synthetic media truly reflects what happens in the 
human kidney. Furthermore, studies have used different cul- 
tured cell lines derived, for example, from murine inner med- 
ullary collecting duct (IMCD),* human renal cancer 
(CAKI-I),* normal rat kidney (NRK-52E),*° African green 
monkey kidney (BSC-1), dog kidney (MDCK), and mouse 
fibroblasts BALB/c3T3.*° Reaction conditions (pH, time, 
reagent concentrations, culture media) have varied, as well 
as the origin of the cells used — proximal, distal, or collecting 
duct.*”*8 Adhesion also depends upon whether the cells are 
damaged or intact,” proliferating, regenerating, or conflu- 
ent.!0°80? Finally, most cell attachment systems have used 
aqueous solutions as the binding medium, which are no sub- 
stitute for urine itself. And even when urine has been used, it 
has been passed from the bladder after several hours of static 
storage, only to be subjected to various clean-up procedures, 
some of which are well recognized to alter its macromolecu- 
lar content. All these differences conspire against direct 
comparison of experimental findings. 


4.3.1.4 What You See Is What You Get: Not 
Necessarily What Actually Happens 
in Real Life 


Given the obvious and unavoidable inadequacies of experi- 
mental models, it must never be assumed that an inhibitor’s 


effects on crystallization, or attachment of crystals to cells 
under experimental conditions, accurately reproduce those it 
actually has on crystallization in vivo. Most important of all, 
crystallization or attachment of crystals to cells in vitro, or 
even in an animal model, is “not” synonymous with stone 
formation. This axiom of stone research, along with the 
advantages and deficiencies of models, have been empha- 
sized for years;” so it is disappointing to see conclusions 
such as |bovine serum albumin plays an important role in 
suppressing urine stone formation in humans (my emphases) 
— based on data obtained from an inorganic model**! 

Collectively, these factors must raise reasonable doubts 
about the relevance of experimental findings to physiological 
conditions. It is simply not valid to extrapolate from data 
generated in work performed in vitro, often using materials 
and conditions light years removed from real life, to make 
assumptions about the expected role of a promoter or inhibi- 
tor, not only in whole urine within the kidney, but also in 
stone formation. The fact will always remain that effects 
in vitro + effects in vivo # specific role in stone formation. 

Nonetheless, putting aside any justifiable misgivings we 
may have about experimental methodology, there is over- 
whelming evidence that urine contains a variety of low and 
high molecular weight substances that have profound effects 
on the formation, growth, and aggregation of CaOx crystals, 
as well as on the attachment of those crystals to renal cells. 
Certainly, extravagant claims about the physiological signifi- 
cance of some urinary components should be viewed with 
caution, but to deny that all of them are probably inert under 
physiological conditions is to fly in the face of many years of 
carefully performed experimental work, chemical and physi- 
cal principles, and homespun commonsense. 


4.4 Inhibitors and Promoters of CaOx 
Crystallization 


4.4.1 Promoters of CaOx Crystal Nucleation 


As shown in Figs. 4.1 and 4.2, the first requisite for stone forma- 
tion is crystal nucleation. It is widely acknowledged that pre- 
cipitation of CaOx crystals in vivo must be heterogeneous, since 
levels of supersaturation in urine are only rarely sufficient to 
permit crystals to form homogeneously (spontaneously). Urine 
is not a clear solution. It contains numerous particles, including 
whole cells, membrane vesicles, and other cellular fragments — 
debris sloughed off the urothelium as a result of normal meta- 
bolic turnover, or as a consequence of cellular damage caused 
by high oxalate concentrations“ or crystals themselves.“ 
Membrane fragments and lipids are common components 
of calculi and urinary crystals.“ Lipids extracted from stone 
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matrix can catalyze precipitation of CaOx from inorganic 
metastable solutions’ and urinary particles and membrane 
vesicles can nucleate CaOx crystals in human urine.** However, 
at the present time there is limited evidence from in vitro stud- 
ies that lipid assemblies act as initiating sites for COM crystal 
nucleation as a first step in stone formation. Nonetheless, there 
is some indication that glycoproteins and lipids conjugated to 
sialic acid moieties on cell surfaces may act as nucleation tem- 
plates. For instance, COD crystals can nucleate directly on to 
the surfaces of cultured renal cells in culture,’ almost exclu- 
sively via the (001) face, unless the cells are first treated with 
protease or neuraminidase, which causes a switch to the (100) 
crystal face.” It is possible, therefore, that under conditions of 
high supersaturation in vivo, molecular arrays on the surfaces 
of urothelial cells might control the nucleation of CaOx crys- 
tals of a specific habit and orientation. 

To my knowledge, no study has demonstrated conclu- 
sively that any individual urinary macromolecule actively 
induces nucleation of CaOx specifically by molecular tem- 
plating. Unfractionated urinary macromolecules” and chon- 
droitin sulfate (CS)' can promote CaOx nucleation from 
inorganic media, and THG” enhances the deposition of 
CaOx from urine. There is also indirect evidence that urinary 
macromolecules are actively involved in CaOx crystal for- 
mation at the point of nucleation, since fractured urinary 
COM crystals clearly contain organic material concentrated 
at their centers.**>° Indeed, it is possible that they may actu- 
ally initiate the process, though whether this occurs by 
molecular templating or heterogeneous nucleation remains 
moot. Nucleation in vivo is therefore likely to be induced by 
lipids or cellular debris**** or perhaps by macromolecules 
that have bound and sequestered calcium ions. However, 
almost all urinary components whose effects have been 
examined have been shown to act as inhibitors. 


4.4.2 Inhibitors of CaOx Crystallization 


Innumerable natural and synthetic substances retard CaOx 
crystallization. The list includes metal ions — particularly 
magnesium; simple di- and tri-carboxylic acids like tartaric 
and citric acids; other low molecular weight compounds such 
as pyrophosphate and phytate; macromolecules, including 
proteins and GAGs; extracts of various plants and vegeta- 
bles; synthetic peptides of varying lengths; and a galaxy of 
dyes.°° Because our goal is to discover how stones form, it 
would seem obvious to suppose that only the naturally occur- 
ring inhibitors in urine deserve attention. However, nontoxic, 
low molecular weight compounds that are easily absorbed 
and excreted into the urine, and which inhibit CaOx crystal- 
lization, offer the possibility of preventing stones by being 
administered as therapeutic agents. Nonetheless, the infor- 
mation that follows is concerned mainly with inhibitory 


substances found in renal cells and/or present in human 
urine, and I will begin with studies on urine itself. 


4.4.2.1 The Effect of Urine on CaOx Crystallization 


Urine is a potent inhibitor of CaOx crystallization — irrespective 
of how it is measured. The early 1970s began the publication 
of a number of papers that compared the inhibitory effect of 
urine from stone formers and healthy controls on at least one 
aspect of CaOx crystallization. Some of them*°°*”? reported 
deficient inhibitory activity in the urine of stone patients, 
although not consistently. For instance, Springmann et al.” 
showed that 5% urine from control subjects inhibited crystal 
aggregation significantly more potently than did urine from 
stone patients, but no such difference was observed with 
nucleation rates, linear growth, or final crystal mass. Many 
others have also been unable to find differences,” which is 
probably not unexpected given that most reports involved the 
use of low concentrations of urine in inorganic reaction sys- 
tems. Moreover, in most studies the urine samples were not 
screened to confirm the absence of blood, which, particularly 
in stone formers, would unavoidably alter the macromolecu- 
lar content of the urine and, therefore, the inhibitory activity. 
With increasing awareness that diluted samples are inad- 
equate for assessing the inhibitory capacity of urine, and that 
results are highly dependent upon the methodology used, 
measurement of the overall inhibitory activity of individual 
urine samples was generally abandoned by the end of the 
1980s. Although it was revisited briefly in 1999% and the 
early 2000s,°* the shortcomings of methodology have never 
been overcome. Consequently, a difference between the 
inhibitory activities of urines from healthy subjects and stone 
formers has never been unequivocally demonstrated and the 
focus has shifted largely to measuring the effects on CaOx or 
calcium phosphate (CaP) crystallization of individual agents, 
as well as their excretion patterns in stone patients. Results 
of those studies will be discussed in a subsequent section. 


4.5 Inhibitors and Promoters of CaOx 
Crystal-Cell Adhesion 


4.5.1 Urine and Generic Urinary 
Macromolecules 


Human urine inhibits crystal adhesion.” Furthermore, sam- 
ples from children have been reported to inhibit more strongly 
than those from adults,” and those from healthy adults show 
greater potency than those from stone formers.” Activity is 
associated with the macromolecular fractions,’ 7+ whose 
effects are proportional to the protein concentration” and 
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related to the pH of the binding medium.” Crystals precipi- 
tated and grown in urine bind less avidly to cells than those 
generated from artificial urine,” in keeping with the observa- 
tion that naturally formed stone crystals cause less injury to 
renal epithelial cells than inorganic crystals.” Nonetheless, 
approximately half of the observed inhibitory effect of urine 
can be attributed to small molecules,” at least two of which 
are likely to be citrate, which reduces attachment of COM” 
and hydroxyapatite” crystals to cultured renal epithelial cells 
and magnesium, which also reduces binding.” *° 

The studies just described examined the effects of urine 
itself or macromolecular “soups” — undifferentiated prepara- 
tions of total urinary macromolecules remaining after ultra- 
filtration — or urine fractions containing different amounts of 
macromolecules. Although they have shown that undifferen- 
tiated preparations of generic urinary macromolecules, as 
well as unidentified low molecular weight urinary compo- 
nents, inhibit the binding of CaOx crystals to renal cells in 
vitro, most work has involved the testing of specific, indi- 
vidual macromolecules. 


4.5.2 Macromolecular Inhibitors of Cell 
Adhesion 


Increasing numbers of naturally occurring and synthetic mac- 
romolecules have been reported to inhibit the attachment of 
COM, COD, or hydroxyapatite crystals to cultured renal cells. 
These include fibronectin,’ OPN,” bikunin,* heparan sul- 
fate/syndecan-1,** hepatocyte growth factor, THG, chon- 
droitin sulfates A and B,'*”” heparan sulfate,” transforming 
growth factor B-2,*° and an assortment of molecules not pres- 
ent in the human kidney, such as heparin, pentosan polysul- 
fate, polyaspartate, and polyglutamate.'* Synthetic molecules 
have been tested because they could, at least in theory, form 
the basis of future preventive therapy. For instance, Atorvastin, 
the cholesterol antagonist, has been shown to inhibit retention 
of CaOx crystals in a rat model of urolithiasis.“ Alterations in 
the levels of many proteins accompany the attachment of 
COM® and COD* crystals to MDCK cells. Although those 
findings may suggest that synthesis of natural macromolecules 
is a protective response to crystal attachment and could pre- 
vent stone formation, they may also simply represent a reac- 
tion to inflammation induced by the crystals. And some of 
them are promoters, not inhibitors. 


4.5.3 Macromolecular Promoters of Crystal- 
Cell Adhesion 


In contrast to other reports'*”” increased attachment of CaOx 
crystals to cultured renal cells has been shown to occur in the 


presence of osteopontin,***’ and the effect is mitigated by 


agents that interfere with the protein’s expression." The trans- 
membrane receptor protein CD44, together with two of its 
ligands, hyaluronic acid and again, OPN, have been strongly 
implicated as mediators of crystal retention in the kidney.” 
There is also evidence that Annexin II,“ a 100 kDa protein 
related to nucleolin,” B-tubulin,”® and collagen types I and 
IV* mediate the binding of COM to renal cells, a process that 
also appears to involve the presence of sialic acid residues.°!”* 
Disrupting the expression of the chloride channel CLC-5, 
which is involved in the internalization of CaOx crystals, pre- 
vents internalization of crystals and causes them to remain 
upon the cell surface.**** While this might at first seem to pro- 
tect against stone formation by enabling their removal in 
excreted urine, their presence upon the epithelial surface could 
potentially provide centers for further crystal accumulation 
and agglomeration. Internalization is not, therefore, necessar- 
ily a bad thing. In fact, it has been proposed, paradoxically, to 
constitute a form of defense against urolithiasis. 


4.5.4 A Fortunate Adversity: Phagocytosis, 
Intracrystalline Proteins, and Crystal 
Dissolution 


Because stone formation can occur only if crystals remain 
within the kidney, it has been assumed that crystal adhesion 
encourages stone pathogenesis. However, once attached, 
crystals do not necessarily remain upon the cell surfaces. The 
same studies that reported adhesion of crystals to cells'°'''!%'4°° 
also showed that binding is followed by phagocytosis of the 
crystals into the cytoplasm of epithelial cells. CaOx crystals 
are also engulfed by cultured macrophages,” as well as by 
renal macrophages and multinucleated cells recruited in 
response to acute and chronic oxalosis in rats and humans.” 

After internalization, crystals dissolve within lysosomal 
inclusion bodies,”:'?°** as depicted in Fig. 4.4. After attach- 
ment, the crystal is transferred into the cell by phagocytosis, 
a process succeeded by formation of a phagolysosome, 
whose internal environment is highly acidic and contains a 
potent cocktail of lysosomal proteases. Eventually, the crys- 
tal is degraded, the mineral dissolved, and the waste removed 
by exocytosis through either the apical or basolateral mem- 
branes. Inorganic crystals can take up to 7 weeks to dissolve 
in cultured epithelial cells”'*°*°? and only 4 days in mac- 
rophages.”° But urinary crystals are degraded and dissolved 
more rapidly, because they are riddled with proteins. 


4.5.4.1 Intracrystalline Proteins 


All CaOx crystals precipitated from urine contain intracrys- 
talline proteins*°>:'°-'°! that bind irreversibly to the surfaces 
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Fig. 4.4 Diagram illustrating possible events occurring in the kidney 
following adhesion of a crystal to the wall of a renal tubule. (7) attach- 
ment of a COM crystal to the apical brush border membrane of a renal 
tubular cell, followed by (2) phagocytosis of the crystal into the cyto- 
plasm; (3) formation of phagosome containing the crystal, and migra- 
tion of lysosomes to the phagosome; (4) fusion of phagosome and 


of crystals as they grow and become an integral component 
of the mineral bulk as they are engulfed by successive layers 
of solute. The incorporation of proteins into CaOx crystals is 
highly specific. For instance, urinary prothrombin fragment 
1 (PTF1) is a major component of the organic matrix of 
COM,”*'°'°3 but it barely binds to COD.” The opposite is 
true for OPN, which binds irreversibly to COD, but not 
COM.” Human serum albumin (HSA) is absent from demin- 
eralized COD crystal extracts, but is found inside COM, hav- 
ing arrived there by attaching to the side faces of inorganic 
crystals, but to the end faces of urinary ones.'™ 

Once trapped, intracrystalline proteins form flaws in the 
mineral lattice by creating holes filled with organic material. 
Such crystals would be more vulnerable to attack by proteases 
in urine, and also by those contained within the phagolyso- 
some following their internalization into the cell, as shown in 
Fig. 4.4. Lysosomal proteases would digest the protein phase 
and open channels throughout the mineral, thus enabling fur- 
ther excavation into the structure. This would increase the area 
of exposed crystal surface and thus facilitate crystal mineral 
dissolution in the acidic interior of the phagolysosome.'® 
Intracrystalline proteins should therefore assist in the disman- 
tling and dissolution of internalized crystals and thereby pro- 
vide a natural defense against stone pathogenesis. This notion 
is supported by qualitative studies” and quantitative data con- 
firming that urinary COM crystals are degraded and dissolved 
more rapidly than inorganic crystals, the rates of both pro- 
cesses being proportional to the quantity of intracrystalline 
proteins incarcerated within them.'”° 

Thus, intrarenal fixation of crystals — a prerequisite for 
stone formation — appears also to protect against the disease 


lysosomes to form a phagolysosome; and (5) destruction of intracrys- 
talline proteins by lysosomal proteases and mineral dissolution by acid 
pH. Waste products would then be removed by exocytosis through 
either the apical or basolateral membranes. In the absence of phagocy- 
tosis, large numbers of crystals attached to the epithelium could cause 
tubular occlusion via a log-jamming mechanism 


by providing a means of removing obstructing crystals from 
the tubular lumen and then destroying them completely 
inside the cell. Therefore, macromolecules that promote 
attachment of cells to the urothelium could, paradoxically, 
also be regarded as inhibitors of stone formation. 


4.5.4.2 Summary 


From the foregoing discussion, it is evident that various small 
and large molecules occurring naturally in urine profoundly 
influence in vitro all the key processes occurring during kid- 
ney stone formation. While it is currently impossible to iden- 
tify, unequivocally, any one of them as a key promoter or 
inhibitor of stone pathogenesis, several have been subjected 
to such intense scrutiny over many years that they warrant 
specific and detailed attention. 


4.6 Low Molecular Weight Inhibitors 


4.6.1 Pyrophosphate 


4.6.1.1 Effect of Pyrophosphate on Crystallization 


The first inhibitory component of urine to be identified and 
isolated was pyrophosphate.” Pyrophosphate is present in 
stones and in inorganic solutions, inhibits CaOx crystal 
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nucleation,” growth,''*''' aggregation," and a combination 
of growth and aggregation''’ by binding irreversibly to the 
CaOx crystal surface. In undiluted urine pyrophosphate does 
not affect the amount of oxalate required to induce detectable 
spontaneous CaOx crystal formation or the degree of crystal 
aggregation.''* However, it does reduce the mass of CaOx 
deposited!" from undiluted urine, except when crystallization 
is induced by evaporation of whole urine,''* under which cir- 
cumstances it has no influence on the precipitation of CaOx or 
CaP. Such inconsistencies emphasize the invalidity of extrapo- 
lating data obtained from inorganic solutions to expected out- 
comes in urine, and also illustrate that measured values depend 
greatly on the type of methodology used to obtain them. 

It is difficult therefore to draw any definite conclusion 
about the effects of pyrophosphate under physiological con- 
ditions, although we might conclude that it perhaps might 
inhibit CaOx deposition in vivo — unless the urine is very 
concentrated. However, if pyrophosphate is an important uri- 
nary inhibitor of CaOx crystallization in vivo, it is reason- 
able to expect that its urinary concentration or output might 
be reduced in stone formers. 


4.6.1.2 Urinary Excretion of Pyrophosphate 


Pyrophosphate excretion has been reported by some authors 
to be significantly reduced in stone formers compared with 
healthy controls,''~'”° but not by others.'?'-'*? Thus, even if 
pyrophosphate does inhibit CaOx crystallization in urine 
under physiological conditions, stone formation cannot be 
unequivocally attributed to a reduction in its urinary output. 


4.6.1.3 Summary 


With increasing emphasis being placed on the role of inhibi- 
tors in the prevention of ectopic calcification’ and on con- 
nections between bone metabolism and stone formation,'” 
pyrophosphate has enjoyed a comeback in the medical litera- 
ture. Nonetheless, despite its undoubted ability to inhibit 
CaOx crystallization in urine and aqueous solutions, as well 
as the regrowth of CaOx stone fragments in vitro,'° it has not 
yet been demonstrated to be a major player in stone patho- 
genesis or a useful therapeutic agent. 


4.6.2 Magnesium 


4.6.2.1 Effect of Magnesium on Crystallization 


Magnesium’s association with urolithiasis began in 1932 
when Cramer showed that dietary magnesium deficiency 
induced intrarenal calcification and tubular degeneration in 
rats.” Although magnesium forms strong ion complexes 


with oxalate, which undoubtedly explains its inhibitory effect 
on CaOx crystal nucleation," growth," and aggrega- 
tion,'!*'” it might also act by binding to the surface of CaOx 
crystals and becoming incorporated into the crystal lattice, as 
occurs with hydroxyapatite.! Whatever the basis for mag- 
nesium’s influence, experimental findings have not been 
consistent, even when all studies have used inorganic solu- 
tions as the reaction medium. Magnesium has been reported 
to have no effect on CaOx nucleation,'” growth,!!°!'''5! or 
combined growth and aggregation.''* In urine, magnesium 
inhibits growth'**'*? and increases the amount of oxalate 
required to induce detectable spontaneous CaOx precipita- 
tion, but has no apparent effect on aggregation.” 


4.6.2.2 Urinary Excretion of Magnesium 


Magnesium’s contradictory effects on CaOx crystallization, 
along with the logical conclusion that it plays no significant 
role in stone pathogenesis, probably explain failures to dem- 
onstrate unequivocal differences in the ion’s output between 
stone formers and healthy controls. Several studies found that 
stone formers excrete less magnesium than healthy con- 
trols," but many more were unable to detect any differ- 
ence.ć>! 11137-141 Repeated failure to demonstrate abnormally 
low urinary magnesium concentrations in stone patients 
prompted investigators to discover whether the important fac- 
tor was not magnesium itself, but rather the ratio of magne- 
sium to calcium output. However, the correlation between a 
reduced Mg/Ca ratio and stone frequency observed in at least 
11 separate studies'** is just as likely to have resulted from the 
fact that the stone formers tended to have raised Ca levels. 


4.6.2.3 Effect of Magnesium in Experimental Models 


Dietary administration of magnesium to experimental ani- 
mals has provided little clarification. Su et al." observed no 
effect on CaOx deposition of magnesium administration to 
hyperoxaluric rats at normal urinary magnesium concentra- 
tions, but the same group later concluded using the same 
model that magnesium given as MgO is beneficial.'*? The 
effect of magnesium on CaOx deposition in hyperoxaluric 
rats also appears to depend upon the form in which it is 
administered, namely, as the oxide, hydroxide, sulfate, tri- 
silicate, or citrate, and, curiously, its beneficial effects appear 
to result from an increase in citrate concentration. '** 


4.6.2.4 Summary 


Despite magnesium’s long historical association with cal- 
cium urolithiasis, and the performance of numerous investi- 
gations, we are still none the wiser about its true involvement 
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with the disease, especially since a number of trials in humans 
have failed to prove conclusively that magnesium adminis- 
tration reduces calcium stone recurrences.'*°:'“° Thus, on the 
basis of available evidence, the effect of magnesium on the 
formation of stones is likely to be relatively minor. 


4.6.3 Citrate 


4.6.3.1 Effect of Citrate on Crystallization 


Studies have demonstrated that citrate inhibits CaOx crystal 
nucleation,’ growth'!*'*' and aggregation’? in aqueous 
media, and CaOx deposition in undiluted!" and concentrated 
urine.'*”7 Although such effects can be attributed at least 
partly to its ability to chelate calcium, citrate also binds to 
the CaOx crystal surface. Recent atomic force microscopy 
studies have demonstrated that it binds specifically to the 
large flat face of COM crystals,'“*!*” which must also con- 
tribute to its inhibition of COM crystal growth and aggrega- 
tion. Thus, citrate is both a chelator and a crystal poison. 
However, despite its well documented inhibition of CaOx 
crystallization in inorganic media, citrate has no apparent 
effect on crystal aggregation in urine,''* despite the reported 
clinical association between large aggregate formation and 
low citrate excretion in vivo.'°° Nevertheless, it is clear that 
citrate is a potent inhibitor of CaOx deposition both in urine 
and under inorganic conditions and evidence accumulated 
over many years has now established hypocitraturia as a key 
contributor to the formation of CaOx stones. 


4.6.3.2 Urinary Excretion of Citrate and Effects 
in Experimental Models 


The suggestion that calcium stones are the product of a renal 
defect that prevents the kidney from adjusting citrate output to 
compensate for rises in urinary calcium excretion was proposed 
more than 60 years ago.'*! If true, stone formers would be 
expected to excrete abnormally low levels of urinary citrate, 
and correction of the deficit by citrate administration should 
prevent further episodes. A number of authors have reported 
that stone formers excrete normal levels of citrate,!?7:!40?-!+ 
but hypocitraturia in stone formers has been reported more fre- 
quently.'*°'415*'8 Goldberg et al.” cite 11 papers that report 
decreased citrate excretion by stone formers. 

As long as polemic persists about the diagnostic accuracy 
of single or multiple 24-h urine analysis as well as the defini- 
tion of normal ranges,'® justifiable doubts will always remain 
as to the existence of unambiguous differences in the output 
or concentration of any urinary metabolite between stone 
patients and healthy controls. And citrate is no exception. 


However, even though clear-cut differences have not always 
been demonstrable, epidemiological data obtained from 
large numbers of subjects have shown that stone risk rises 
inversely in relation to urinary citrate levels,’ suggesting 
that citrate is an important natural inhibitor of stone forma- 
tion. That conclusion is bolstered by results of clinical trials 
confirming its efficacy in preventing stone recurrences (see 
Chap. 14 by Hess) by scientific studies demonstrating that it 
reduces attachment of COM” and hydroxyapatite” crystals 
to cultured renal epithelial cells, and by work showing that it 
retards crystal deposition in experimentally induced 
nephrocalcinosis.'°"!™ 


4.6.3.3 Summary 


It would be difficult to argue that citrate is not an effective inhib- 
itor of CaOx crystallization, both in vitro and in vivo, and it is no 
surprise that this simple tricarboxylic acid is now an established 
agent for stone therapy. Still, there is at least one other natural, 
low molecular weight urinary component that also shows thera- 
peutic promise for the treatment of urolithiasis. 


4.6.4 Phytic Acid (Inositol 
1,2,3,4,5,6-Hexakisphosphate) 


Phytic acid is a natural sugar present in most seeds and cereal 
grains, where it functions as a major phosphorus sink.'® The 
compound contains six phosphate groups, each with two 
hydroxyl moieties which, when ionized, enable the molecule 
to chelate divalent metal ions, including Zn**, Mg**, Fe”, 
and, most pertinent to this review, Ca”*. Complexes formed 
between phytate and metal ions tend to be insoluble, and are 
consequently poorly absorbed from the gastrointestinal 
tract,’ a property of great potential advantage to calcium 
stone formers, since it relieves the kidneys of having to dis- 
pose of excess calcium by transferring the responsibility to 
the bowel. Following the suggestion that dietary phytate 
might play a significant role in stone pathogenesis,'” several 
attempts were made to establish a link between the two. 61167-198 
More recently, however, studies of the possible role of phytic 
acid in calcium stone formation have been performed princi- 
pally by Grases and his colleagues. 6°17 

Urinary phytate excretion is directly related to dietary 
intake”! and has been reported to be lower in stone formers 
than in healthy controls.'” Consumption of the compound is 
well documented to reduce urinary calcium excretion in 
humans with hypercalciuria’® and in lithogenic rats,'°"!7*'” 
particularly when administered as the potassium salt.'” Phytate 
also reduces CaOx nephrocalcinosis in lithogenic rats'"!°'7° 
to inhibit the regrowth in vitro of COM'™% and COD!” stone 
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particles resulting from extracorporeal shock wave lithotripsy 
and to decrease the growth rate of artificial stones.® 


4.6.4.1 Summary 


Prima facie, therefore, phytate appears to be an ideal means 
of preventing stone recurrences, especially in individuals 
who excrete excessive quantities of calcium in their urine. 
But it also has its drawbacks — which can be severe. Any 
recommendation for its use in stone prevention would rely 
on its ability to bind tightly to calcium ions. However, its 
affinity for other divalent ions, such as iron and zinc, is 
equally strong. They, too, are essential minerals, and their 
excretion in the form of insoluble phytate complexes can 
lead to mineral depletion and deficiency,'” a factor that has 
led to the development of low-phytate cereal and legume 
strains for populations whose staple diets are based largely 
on grains and legumes. For the same reason vegetarian diets 
are recommended for CaOx stone formers only if they ingest 
sufficient quantities of calcium and avoid foods high in 
phytate, since too great a reduction in calcium excretion car- 
ries the risk of increasing the urinary output of oxalate.'” 


4.6.5 Summary: Low Molecular Weight 
Inhibitors 


The low molecular weight inhibitors discussed above are 
easily purified and administered, and are excreted in the urine 
intact. However, at the present time it is not known with cer- 
tainty whether they play a definitive role in preventing CaOx 
crystallization in vivo, and, with the exception of citrate, have 
not yet been used routinely for stone prevention. 


4.7 Macromolecular Promoters 
and Inhibitors 


The inclusion of a section on macromolecules in a chapter on 
urinary inhibitors is mandated by two simple facts: thou- 
sands of macromolecules are present in urine and all stones 
contain them. Collectively known as the organic matrix, 
macromolecules comprise only 2-3% of the weight of kid- 
ney stones. The organic matrix, which is distributed through- 
out the entire stone structure,'” consists principally of GAGs 
and proteins, as well as three types of lipids: phospholipids, 
cholesterol, and glycolipids.'*° Here, we will consider only 
GAGs and proteins, most of which until recently had not 
been specifically identified and whose effects on CaOx crys- 
tallization had not been examined. 


4.7.1 Glycosaminoglycans (GAGs) 


4.7.1.1 GAGs in Kidney Stones 


A major class of urinary macromolecules, GAGs migrate elec- 
trophoretically as three major bands'*' divisible into fast and 
slow-moving fractions.'*? The most abundant GAGs are chon- 
droitin sulfates A and C'*'"'®’ and heparan sulfate (HS),'*'"'® 
which is excreted in the form of a proteoglycan.'** Depending 
upon the urine sample, little or no keratan sulfate’! or der- 
matan sulfate'*!'®* is excreted in urine. Hyaluronic acid is 
excreted by healthy subjects and stone formers,'*® but some 
authors have detected it in only small quantities, if at all. 181595 
The GAGs heparan sulfate'*’ and hyaluronic acid'*”'** have 
been shown to be present in CaOx kidney stone matrix, but 
chondroitin sulfate, the most abundant urinary GAG, has been 
detected only in apatite stones.'*” 


4.7.1.2 Chondroitin Sulfate (CS) 


By all accounts, CS would appear to be an active inhibitor 
of CaOx crystallization, since it reportedly inhibits crystal 
growth,*'"'''® though to varying extents depending upon the 
crystal face to which it binds.'”° It also inhibits CaOx crystal 
aggregation,'!* a combination of growth and aggregation,'' 
nucleation,” "promotes agglomeration,*'!°? mass deposi- 
tion,*' and attachment of COM to cultured renal cells.'? But 
CS also promotes nucleation,” particularly that from healthy 
subjects,” as well as crystal growth rate and suspension 
density.'”' It would seem that CS is an effective inhibitor of 
CS crystallization — at least under inorganic conditions. 
However, other, more physiologically relevant data tell a 
different story. CS promotes large calculus formation in 
rats,™* has no effect on CaOx deposition in rat kidneys,” 
and does not influence CaOx mass deposition, aggregation, 
or the amount of oxalate required to induce spontaneous 
CaOx precipitation in undiluted urine.” 


4.7.1.3 Heparan Sulfate (HS) 


HS, the second most abundant urinary GAG, is present in 
stones'®’ and is the only natural one other than CS to have 
been studied in any detail. HS proteoglycans are major com- 
ponents of the glomerular basement membrane and play a 
key role in its molecular organization and function.'“ HS is 
incorporated into CaOx crystals at the expense of the more 
abundant CS!°° and enhances CaOx crystal nucleation and 
inhibits growth in frozen urine.'**'”’ It does not affect the uri- 
nary CaOx metastable limit, or mass deposition of the salt in 
undiluted, ultrafiltered urine, but does inhibit crystal aggrega- 
tion!™ and attachment of COM to cultured cells.'” However, 
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inhibition of crystal adhesion occurs only at concentrations 
far above those found in urine.” Crystal attachment is also 
reduced in cultured cells genetically engineered to synthesize 
high levels of HS proteoglycans'** and renal HS proteoglycan 
mRNA increases in lithogenic rats." The presence of HS 
in crystals and stones, combined with its inhibitory influence 
on crystal aggregation and cell adhesion, suggests that it may 
play a role in inhibiting CaOx crystallization in urine in vivo; 
but at the present time, a defined function for this GAG 
remains to be unambiguously demonstrated. 


4.7.1.4 Hyaluronic Acid (HA) 


Hyaluronic acid is present in CaOx stones,'*”'** and although 
it is present in urine in minor amounts it is a major compo- 
nent of the extracellular matrix in the renal medullary inter- 
stitium.™! Like that of CS and HS,”” the production of HA 
by cultured renal tubular cells is activated during cell prolif- 
eration and following physical injury, apparently as part of 
the cellular repair mechanism.” The structure and large size 
of the exposed HA molecule allow it to form hydrated gel- 
like matrices or “coats,” which extend several microns from 
the surfaces of migrating and proliferating MDCK cells" 
and which, combined with its electronegativity, enable it to 
bind COM crystals. It has been proposed that this 
HA-mediated binding of the crystals promotes their entrap- 
ment within the renal tubules, as well as the formation of 
Randall’s plaques in the renal interstitium,™! though both 
processes have yet to be unambiguously demonstrated to 
cause stone formation. 


4.7.1.5 Heparin 


Heparin is not present in human urine. Nonetheless, it was 
also tested in most of the studies that examined the proper- 
ties of CS perhaps as a possible therapeutic agent, but prob- 
ably because it is freely available and was just easy to 
include! Heparin inhibits CaOx crystal growth,'’ crystal 
aggregation,'!” both processes combined,'' nucleation, 11°? 
growth and agglomeration,’ agglomeration,” 
deposition.!°!!° 


and mass 


4.7.1.6 Synthetic GAGs 


Several synthetic GAGs (sodium pentosan polysulfate [SPP], 
G871, G872) have been tested as potential treatments for stone 
prevention. Most attention has been focused on SPP, 
although one study reported that G871 and 872 inhibit CaOx 
crystal growth and agglomeration in inorganic media.” 
SPP inhibits growth!" and agglomeration?*°° under 
the same conditions, although it has also been reported to 


promote agglomeration.” Justification for studying synthetic 
GAGs can be found in reports that, unlike that of CS, the 
inhibitory potency of SPP is retained in urine and in vivo. It 
retards CaOx crystal growth in undiluted urine’ and CaOx 
crystal deposition in lithogenic rats.!%°?°7°°S However, those 
findings must remain academic until the clinical usefulness of 
SPP is demonstrated beyond doubt by the performance of ran- 
domized, placebo-controlled studies.” 


4.7.1.7 Urinary Excretion of GAGs 


The literature is replete with many papers attempting to dem- 
onstrate that the urinary concentration or output of GAGs 
can be used as a marker for stone disease. Several papers 
have shown that undifferentiated stone formers,!”?!°?! 
recurrent stone formers,’ and stone formers with type I 
hypercalciuria*'* excrete abnormally low levels of GAGs, but 
they are overwhelmed by reports that GAGs excretion by 
stone formers is indistinguishable from that of healthy con- 
trols, =! including children.”°”?! Children have been 
reported to excrete larger quantities of GAGs than adults”! 
and CS in particular,'* although their output of HS is less 
than that of their parents. Harangi et al.” showed that 
pediatric stone formers with renal hypercalciuria excreted 
significantly less keratan sulfate than did the controls or 
patients with absorptive hypercalciuria. They did, however, 
excrete much greater quantities of dermatan sulfate, making 
the total GAG excretion equal in all groups. 


4.7.1.8 Summary: Are Urinary GAGs Important 
in Stone Formation? 


Throughout the previous 40 years, a great deal of effort has 
been expended to discover whether or not urinary GAGs play 
a protective role in stone pathogenesis. Certainly, there is 
ample evidence that CS can inhibit CaOx crystallization, as 
do heparin and several synthetic GAGs, but only in inorganic 
solutions. Furthermore, it is clear that a low GAG excretion 
is not a consistent hallmark of urolithiasis, either in children 
or in adults. Why then does the impression persist that uri- 
nary GAGs are inhibitors not only of CaOx crystallization 
but of stone pathogenesis, when a critical appraisal of past 
literature leads to the conclusion that, as a group, they are 
not. And why, therefore, bother measuring the urinary excre- 
tion of GAGs when, as with proteins, their urinary concen- 
tration will alter in response to any cellular inflammation or 
damage leading to or resulting from stone formation? Perhaps 
available data might justify the measurement of HS excretion 
in the investigation of stone formers, but there is currently no 
scientific basis for routinely determining CS or total GAG 
excretion as a marker of stone disease, and the practice 
should be discontinued. 
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4.8 Proteins 


Only proteins that have been unambiguously identified 
immunologically or by amino acid sequence analysis or 
other proteomic techniques are presented in detail in the fol- 
lowing section. Thus, despite its prominence in past litera- 
ture,’ no information on nephrocalcin is included, because 
it has never been confirmed to be a substantive protein and 
because of the confusion regarding its relationship to THG 


and albumin,” and inter-o-trypsin inhibitor.” 


223 


4.8.1 Proteins in Kidney Stones 


By 2004, approximately 30 proteins had been unambigu- 
ously detected in kidney stone matrix (Fig. 4.5) using tech- 
niques such as gel electrophoresis, Western blotting, or 


However, the last decade has seen increasing use of more 
sophisticated proteomic tools for analyzing urine. While this 
has been principally to discover protein markers of various 
diseases,” proteomic tools have been increasingly used to 
identify proteins present in kidney stones.® Such techniques 
include high pressure liquid chromatography and tandem 
mass spectrometry (HPLC-MS), surface-enhanced laser des- 
orption ionization—-time of flight (SELDI-TOF), and matrix- 
assisted laser desorption ionization-time of flight 
(MALDI-TOF). Because these techniques, in combination 
with rapid automated computer searches of published pro- 
tein data bases, can quickly separate and analyze large num- 
bers of peptides at exceedingly low concentrations, the 
number of proteins identified in stones has risen hyperboli- 
cally in the previous few years. In 2007, Mushtaq et al.” 
added myeloperoxidase and a-defensin to the list of known 
constituents of stone matrix, while Canales et al.?” identified 
68 different proteins, of which more than 50 had not previ- 


amino acid sequencing analysis.'°>!*° ously been observed. Chen et al.’ detected 11 low 


acidic (leucine - rich) nuclear phosphoprotein 32 family member Ae a1 actinin e a2 actinin eB actinin e albumin e AMP- 
activated protein kinase B2 on-catalytic subunit e amphoterin e amyloid precursor protei SD -2 e amyloid BA4 protein precursor 
isoform b e ankyrin repeat and SOCS box-containing 17 ankyrin repeat domain 30A A subunit e apolipo- 
protein A1 e apolipoprotein A - IV precursor e apolipoprotein B precursor e apolipoprotein C-1 precursor DAA. apolipoprotein E 
precursor e ARG99 protein e arginine / serine - rich splicing factor 6 e argininosuccinate lyase e argininosuccinate synthetase e ATP synthase H+ 
transporting mitochondrial F1 complex a subunit isoform a e azurocidin precursor e biglycan e calcium - activated potassium channel £2 subunit 
- ARNAN. calgranulin A e calgranulin B e calgranulin C e cAMP-dependent protein kinase regulatory subunit a 2 e carbonic an- 
hydrase e cathepsin G2 e cathepsin G preprotein e e ceruloplasmin e chain a isoform a preprotein e chromosome 14 
open reading frame 49 e chromosome 18 open reading frame 34 e clusterin isoform e clusterin a chain e a1 (I) chain e collagen a1 (VI) 
chain e collagen a2 (I) chain e complement C3 e complement component 3 precursor e complement component 4 e binding protein a e comple- 
ment factor H e cyclophilin e cytokeratin 1 cytokeratin 7 cytokeratin 14 cytokeratin 18 e cytoplasmic linker 2 isoform 2 e DEA 
(Asp-GLu-Ala-His) box polypeptide 15 e defensin a-1DEK gene e dimethylarginine-dimethylaminohydrolase e dishevelled-associated activator of 
morphogenesis 1 e DKFZP4341092 protein e dystrobrevin B isoform 1 e eosinophilic cationic protein e epidermal growth factor e erythrocyte 
membrane protein band 4.1 - like 3 e eukaryotic translation elongation factor 1 a 1 e eukaryotic translation initiation factor 3 subunit 8 e extra- 
cellular prosaposin e factor IX e factor X e F-box and leucine-rich repeat protein 18 e fibrinogen a chain e fibrinogen B chain e fibrinogen ychain e 
glyceraldehyde - 3 - phosphate - dehydrogenase e fibrinogen ĝß chain preprotein e fibrinogen y chain isoform y-B precursor e fibronectin e G patch 
domain and KOW motifs e ° ea1B glycoprotein ə a-2HS-glycoprotein ef -1B glycoprotein (hemopexin) ə GTF21 repeat 
domain containing 1 isoform 2 e istone family member E e haemoglobin a chain e haemoglobin B chain e haptoglobin e heat 
shock 27 kDa protein ə heat shock 70kDa protein binding protein e heat shock 90 kDa protein 1 a e heat shock protein 75 e heparin - binding EGF 
-like growth factor e heterogeneous nuclear ribonucleoprotein C isoform a e hexokinase domain containing 1 AT-hook transcription factor « 
hypothetical protein DKFZP434G1411 e hypothetical protein FLJ11036 e hypothetical protein FLJ13089 e hypothetical protein FLJ35382 e hypo- 
thetical protein XP373506 similar to RIKEN cDNA 4732495G21 gene e hypothetical protein XP-499085 e I(3)mbt - like 2 isoform a e Ig heavy chain 


elgxchain e igx light chain elgA light chain e IgG light chain elgG2 heavy chain e insulin - like growth factor 1 e insulin - like growth factor 
binding protein 5 e inter wypsin inhibitor H1 + inter -a -uypsin inhibitor H = iner auypsin inhibitor bikunin > keratin 9 e kininogen e kinin- 
ogen 1 e lactoferrin e lectin e leukocyte elastase precursor e limbin e limitrin elongation factor 1 e lymphocyte antigen 64 homolog radioprot- 
ective 105 kDa e lysozyme e lysozyme C precursor e man9 - mannosidase e mannose - binding 2 e MASP - 2 e matrix Gla protein e MICAL - like 2 
isoform 2 e a: microglobulin o B- Zmicroglobulin # myeloblastin precursor 5 myeloperoxidase « myeloperoxidase chain A e MYL - 1 ə myosin 
heavy chain Ila (non-muscle) e myosin heavy polypeptide 9 non-muscle e N - acylsphingosine amidohydrolase 1 preprotein isoform a e NAPSA 
gene product e nascent - polypeptide - associated complex a polypeptide e neutrophil defensin 3 precursor e neutrophil elastase novel protein 
(transcription factor) e nucleophosmin 1 e origin recognition complex subunit 4 e orosomucoid . h pendent poly A-specific 
ribonuclease subunit PAN3 e periaxin e perioxiredoxin e peroxisome biogenesis factor 1 e phosphoprotein 75 e plasminogen e polymerase (DNA 


directed) k e e PREDICTED similar to RIKEN cDNA 9330196J05, KIAA1529 e proline - rich tyrosine kinase 2 e proteasome 26S ATPase sub- 
unit 5 e protein C e protein C inhibitor e protein disulfide isomerise - related protein e . prothrombin fragment 1 proto- 
oncogene Wnt7 protein e PWP2 periodic tryptophan protein homolog e RAB13 member oncogene family e in ng protein 1 e 
RAD50 homolog isoform 1 e Ras association and pleckstrin homology domains 1 isoform 2 e . e RNA 
polymerase e $100 calcium-binding protein e $100 calcium -binding protein P e S100 calcium - binding protein A8 e $100 calcium-binding 


protein A9 e scaffold attachment factor B ə secreted phosphoprotein 2 24kDa e serum EE P e serum amyloid P component precursor e SET 


translocation, histidine - rich glycoprotein e splicing factor, arginine / serine rich 3 e ə superoxide dismutase 3 ə synapto- 
nemal complex protein 1 ə syndecan 4 precursor e e ATA element modulatory factor 1 e tight junction protein 2 iso- 
form 2 e tight junction protein 4 (peripheral) e TIP120 protein e e Treacher Collins - Franceschetti syndrome protein 1 e trinucleotide 
repeat containing 15 e tumor necrosis factor a — induced protein e tumour rejection antigen (gp96) 1 e type 2 cytoskeletal 8, non-POU domain 
containing octamer binding, cytochrome P450 family 4 subfamily X polypeptide S-adenosylhomocysteine hydrolyase - like e ubiquitin B precurs- 


ore unactive progesterone receptor 23kDa e urogastrone e urokinase plasminogen activator e vacuolar protein sorting 16 isoform 1 e vitronectin 
(S-protein) e voltage-dependent calcium channel (a1c) e zinc finger transcription factor TRPS1 


Fig. 4.5 Proteins known to be present in human kidney stones by 2008. Those highlighted in yellow were detected in CaOx stones up to and 
including 2007 (Compiled from!'8°7?>-*°8) 
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molecular mass proteins in the matrix of 10 CaOx stones. 
However, all those studies have since been eclipsed by a 
recent report” demonstrating the presence in stone matrix of 
a mind-boggling 158 proteins, including 28 that were classi- 
fied as common. 

It is becoming difficult to state with any surety exactly 
how many and which individual proteins are now known to 
occur in stone matrix, since many detected peptides are pre- 
cursor molecules or different chains or fragments of the same 
parent protein. Nonetheless, it is now clear that more than 
200 proteins can occur in the organic matrix of calcium kid- 
ney stones (Fig. 4.5). But are they all active protagonists in 
stone development? Hardly. While commonsense allows us 
to accept that the properties of say, OPN, calgranulin, and 
prothrombin fragment 1 would seem to equip them for an 
active role in CaOx crystallization and stone formation, it is 
probably pushing the limits of credulity to suggest that hypo- 
thetical proteins FLJ11036, FLJ1I3089, FLJ35382, or 
XP373506, or disheveled-associated activator of morpho- 
genesis 1, are likely to carry much responsibility for devel- 
opment of the disease! In fact, it is likely that almost all of 
the proteins listed in Fig. 4.5 have absolutely nothing what- 
soever to do with dictating the direction of stone formation. 
It is possible, of course, that presence in stones of a select 
few of them could result from their inducing CaOx nucle- 
ation by acting as heterogeneous seeds or by sequestering 
calcium and oxalate ions to produce high local concentra- 
tions of CaOx. However, they could just as easily arrive in 
stones by incompletely inhibiting crystallization or as inflam- 
matory molecules released by intratubular injury, as shown 
in Figs. 4.1 and 4.2 and suggested by the findings of Merchant 
et al.” 

Confusion generated by our newfound ability to iden- 
tify proteins with ease is complicated further by modern 
genomic technology. As will be seen in the following sec- 
tions, one yardstick used to assess the likelihood that a 
protein is a significant participant in stone formation is to 
measure changes in its gene expression in animal models 
of renal calcification or in cultured cells. But again, we are 
overwhelmed with information. In one study alone"! at 
least 173 genes were found to be at least twofold regulated 
at one or more time points during experimental nephrocal- 
cinosis in rats! 

Thus the simple fact that a macromolecule is in a stone, or 
that its mRNA or cDNA rises under lithogenic conditions, 
does not allow us to draw unambiguous conclusions about its 
anatomical origin, how it found its way into the stone, or 
whether it played a specific role in the stone’s formation, 
because it is just as probable that it is a product of the stone, 
rather than a cause. Many stone macromolecules are compo- 
nents of blood and are not normally found in urine. This 
problem has been surmounted to a large extent by studying 
the organic matrix of CaOx crystals freshly precipitated from 


urine.™”” Such crystals contain no macromolecules arising 
secondarily from cellular injury, and therefore allow the 
study of the macromolecules normally found in urine that 
participate in the crucial crystallization stage of stone forma- 
tion. That approach, combined with better technology and 
the commercial availability of specific antibodies, has 
enabled the study of several macromolecules in sufficient 
detail to allow us at least to speculate whether they are maybe 
true functionaries in the process or just adventitious inclu- 
sions, and it is to these that we will now turn. 


4.8.2 Tamm-Horsfall Glycoprotein (THG) 


THG has been, undoubtedly, the most intensely studied pro- 
tein associated with urolithiasis. Described in at least two 
comprehensive reviews,**?* early work will not be pre- 
sented here in detail. 

Despite its predominance in urine and in renal casts, the 
precise function of THG remains unknown. Its abundance 
in stone matrix” probably reflects its excretion in urine in 
higher quantities than any other protein, but seems incon- 
sistent with its complete absence from CaOx crystals pre- 
cipitated from whole human urine.'°'°'?*? Reports that 
THG is incorporated into CaOx urinary crystals,**°°* that 
it is more abundant in CaP crystals than COM,” and that 
it binds to COM crystals and prevents their attachment to 
cultured renal cells’’”* undoubtedly stem from a failure in 
those studies to completely wash off superficial, loosely 
bound THG prior to EDTA demineralization and protein 
analysis.'°' The fact that THG is not incorporated into 
CaOx crystals indicates that it does not bind irreversibly to 
their surfaces. That observation is in keeping with the 
observation that it does not alter the habit or diffraction 
patterns of CaOx crystals or nucleate them in vitro” or in 
vivo,’ and that calcium crystals form spontaneously in 
adult kidneys following inactivation of the THP gene in 
mouse embryonic stem cells.” 


4.8.2.1 Effect of THG on Crystallization 


Depending upon ambient conditions and methodology, THG 
exhibits a frustrating range of effects on CaOx crystalliza- 
tion, which probably reflect its ability to self-associate into 
polymeric behemoths with molecular masses of several mil- 
lions. Although there are many reports that THG has no 
effect on CaOx deposition in synthetic inorganic media,” it 
has been reported to inhibit deposition of CaOx.'®?* In 
urine, however, it promotes both CaOx***? and CaP™ pre- 
cipitation. Nonetheless, it is a potent inhibitor of CaOx crys- 
tal aggregation in undiluted, ultrafiltered urine,” a property 


4 The Possible Roles of Inhibitors, Promoters, and Macromolecules in the Formation of Calcium Kidney Stones 45 


that probably results from steric hindrance,” since it does not 
bind to the crystal surface. 


4.8.2.2 Effect of THG on Crystal—Cell Interaction 


THG’s inconsistent effects on CaOx crystallization also 
extend to the binding of CaOx crystals to renal cells. The 
sialic acid content of THG is crucial in defending the urinary 
tract against disease,” and sialic acid residues of cell surface 
proteins are thought to play a decisive role in the attachment 
of crystals to renal epithelial cells.“°' The protein has been 
reported to have no influence on” and to inhibit*® crystal 
adhesion to cultured renal cells, and also to protect against 
oxalate-induced radical injury in MDCK cells, which has 
been attributed, at least in part, to its degree of glycosylation 
and its ability to adhere to the cell membrane.” 


4.8.2.3 Structural Features of THG 


Studies examining the molecular structure and excretion of 
THG have also generated confusing findings. It has been 
suggested that stone formers may synthesize and excrete 
THG with different physicochemical features (see*****), one 
being an altered electrophoretic migration pattern.’ One 
study reported that THG from stone patients was deficient in 
sialic acid,™” a consequence of which is the promotion of 
crystal aggregation.*' However, more recently’ THG from 
stone formers was found to contain more sialic acid than did 
that from healthy subjects, and to inhibit crystallization less 
potently. Therefore, if differences do exist between THG 
from stone formers and controls, they are certainly not con- 
sistent, which might explain the failure of at least two groups 
of investigators to detect any disparities at all.**°"* 


4.8.2.4 Expression of THG in Animal and Cell Models 


There has been one report that the expression of THG in cul- 
tured renal epithelial cells was unaffected by CaOx crystals 
and that it did not induce CaOx crystal formation in litho- 
genic rats,”"' while another paper showed that its gene expres- 
sion, urinary excretion, biochemical properties, and function 
are unaffected in lithogenic rats.*° Other studies, however, 
have demonstrated that renal THG mRNA and protein 
expression decrease in ethylene glycol treated rats,” and 
that the normal renal distribution of the protein is altered,”*” 
now appearing in the form of a fine, fibrillar meshwork sur- 
rounding individual crystals and their aggregates.*°* Strong 
expression of THG in lithogenic rats was induced not by 
crystals, but by renal tubular damage caused by tubular dila- 
tation, leading to speculation that THG might promote stone 


formation by acting as a crystal adhesive,“! which again 
seems at odds with its inability to bind irreversibly to CaOx 
crystals 1010135 


4.8.2.5 Urinary Excretion of THG 


Excretion of THG by stone formers and healthy subjects has 
been generally shown not to differ,*’°°°°°* in contrast to 
recent studies that have reported a significantly lower THG 
in calcium?™®* and pure uric acid*® stone formers than in 
healthy controls. Urinary THG levels increase in calcium 
stone formers after treatment with potassium citrate,” and 
also in healthy subjects in response to raised calcium and 
oxalate levels, a “self-protective” mechanism lacking in 
stone formers.” 


4.8.2.6 Summary 


The true role of THG in human stone formation remains 
somewhat of an enigma, principally because it exhibits con- 
tradictory effects in different milieu and different experimen- 
tal models. However, even if it does fulfil some function in 
urolithiasis, it is undoubtedly not the only protein likely to be 
involved. With the advent of proteomic technology and the 
realization that other urinary proteins also have properties 
that equip them for a role in urolithiasis, interest in THG has 
tended to wane in recent years, and it is possible that the real 
basis of any association between THG and urolithiasis may 
never be fully elucidated. 


4.8.3 Osteopontin 


Osteopontin (OPN), a glycophosphoprotein rich in aspartic 
acid residues, is an abundant?’ component of kidney stone 
matrix”°’*® and is present in particles of Randall’s plaque.*” 
The protein is secreted in the luminal epithelia of the distal 
nephron’! and the thick ascending loop of Henlé,””” where 
urine is most concentrated and the likelihood of nucleation is 
highest.” Although OPN has traditionally been associated 
principally with bone mineralization,”” it is now recognized 
to be a multifunctional molecule manufactured and secreted 
by various cell types, and to fulfil diverse roles ranging from 
cell adhesion, chemotaxis, cell signaling, prevention of apop- 
tosis and invasion, to migration and anchorage-independent 
growth of tumor cells.*”* Given its ubiquity and wide-ranging 
physiological roles, it is not surprising that it has been the 
subject of a number of extensive reviews.” It is also 
the most extensively studied of any of the proteins impli- 
cated in stone formation. 
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4.8.3.1 Effect of OPN on Crystallization 

OPN potently inhibits CaOx crystal growth’’'?*° and nucle- 
ation and aggregation*®! under inorganic conditions: its 
effects in urine have not been reported. The protein’s ability 
to induce preferential nucleation of COD* and to retard 
CaOx deposition results from step-pinning,'“’ which it 
achieves by specific interactions with the growing crystal 
surface. Although OPN has been reported to attach prefer- 
entially to the edges between the top and apical faces of the 
inorganic COM crystal,*** and also to the side faces,'** it 
does not become incorporated to a significant extent into the 
mineral bulk of COM crystals precipitated from inorganic 
solutions [our own unpublished observations] or human 
urine.” Binding of OPN to the surface of crystals does how- 
ever cause them to aggregate under certain conditions. 
OPN’s ability to increase the adhesiveness of crystals to 
which it is bound has also been observed in an atomic force 
microscopy study,'”’ as well as in experiments in which its 
presence on the surface of collagen granules promoted the 
deposition and aggregation of COM from inorganic solu- 
tions.*** Thus, OPN appears to possess an ability to increase 
the adhesiveness of surfaces, a property that also extends to 
those of cultured cells. 


4.8.3.2 Effect of OPN on Crystal-Cell Interaction 


In spite of reports that OPN has no effect on the attachment 
of uric acid crystals to cultured renal cells” and reduces the 
attachment of CaOx” and CaP” crystals, the evidence that it 
actually increases crystal adhesion is more convincing, 8786 
especially since the effect is mitigated by OPN antisense oli- 
gonucleotide in both MDCK** and NRK-52E cells.” Indeed, 
as mentioned previously, OPN has been strongly implicated 
as an important mediator of crystal retention in the kid- 
ney," a property that depends upon its degree of phos- 
phorylation™ and its own molecular configuration, which, in 
turn, is affected by the features of the surface to which it 
binds.**’ On balance, the prevailing view is that OPN, whose 
expression in cultured monkey renal cells is stimulated by 
exposure to COM crystals,” is a major mediator of crystal 
attachment to cells in vivo. Therefore, despite the fact that it 
encourages retention of crystals, paradoxically, it could act 
as a defense mechanism by facilitating their removal by 
phagocytosis and intracellular destruction. 


4.8.3.3 Expression of OPN in Animal and Cell Models 


The increase in OPN observed in cell culture models in 
response to a CaOx crystal challenge is also observed in ani- 
mals treated with various lithogenic agents. In rats, OPN is 


secreted at two sites in the kidney where the likelihood of 
stone mineral precipitation is greatest.** OPN mRNA and 
expression of the protein itself increase markedly following 
induction of renal CaOx crystal deposition.” This 
increase is, however, inhibited by estradiol, progesterone 
and/or testosterone,?>?"* vitamin K,” allopurinol,*°' and 
green tea’! Similar increases have been reported in 
mice, including genetic hypercalciuric mice.” However, 
OPN knockout mice in which CaOx crystal formation was 
elicited by the injection of glyoxylate retained fewer crystals 
than did wild type mice, which is entirely in keeping with the 
protein’s documented ability to promote crystal binding in 
cultured epithelial cells. 


4.8.3.4 Urinary Excretion of OPN 


Urinary OPN levels are difficult to measure. Even normal 
ranges in healthy controls*!??78!°°°3" have varied wildly, 
with average values from as low as 0.76 mg/L”! to as high as 
10 mg/L.” Despite such huge variability, most authors have 
reported that the urinary output of OPN is significantly 
decreased in the patient group.*”*'? However, Bautista 
et al.” did not observe a difference, nor did Hedgepeth 
et al. who used a semiquantitative approach. Where a 
reduced OPN output has been observed, it has been inter- 
preted as a cause of the stone’s formation, although in one 
instance, the authors speculated that it may have resulted 
from the protein’s incorporation into the stone.*” This is very 
likely to have been the case. 

As discussed above, OPN binds to COM and COD crys- 
tals, and is incarcerated within the latter. Thus, any crystals 
in urine will effectively remove the protein from solution and 
cause its concentration to be significantly underestimated, as 
was recently demonstrated.*'' Measured values also vary 
with ambient calcium concentration, probably because of 
alterations in the Ca-dependent conformation of the mole- 
cule.*'* Of course, these problems are not confined to OPN: 
the measurement of any molecule that binds irreversibly to 
stone minerals, or whose molecular configuration is affected 
by Ca, will be unavoidably affected by the presence of any 
crystals in the urine, irrespective of whether they were formed 
spontaneously in vivo or later during storage in vitro. 
Obviously, calcium concentration and the formation of CaOx 
crystals in urine in vivo cannot be controlled: The potential 
for serious error will therefore be greatest in recurrent stone 
formers in whom hypercalciuria and crystalluria are espe- 
cially prevalent. Reports comparing the urinary excretion in 
stone formers and healthy subjects of any macromolecule 
that binds CaOx or other stone crystals, or advocating the 
measurement of urinary proteins as markers of urolithiasis, 
must therefore be regarded with circumspection, particularly 
if the absence of hematuria has not been confirmed. 
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4.8.3.5 Summary 


There is good evidence that OPN could fulfill an important 
role in stone formation. Nonetheless, at the present time it is 
true to say that unequivocal demonstration of a role for OPN 
in the pathogenesis of stones depends upon the generation of 
further information. 


4.8.4 Prothrombin Fragment 1 (PTF1) 


The first clue that a blood clotting protein might be associ- 
ated with stone disease was unearthed more than 30 years 
ago, when a protein rich in y-carboxyglutamic acid (Gla) was 
first detected in calcium stones.*'> However, it was not until 
1991 that urinary PTF1, initially called crystal matrix pro- 
tein, was discovered to be the principal band in gels of the 
soluble organic matrix of CaOx crystals freshly precipitated 
from whole human urine.*** Crystal matrix protein was sub- 
sequently shown to be related to prothrombin,'”*'° and later 
confirmed to be its F1 activation fragment.'°**'° 

Urinary PTF1 is a glycoprotein with a molecular mass of 
approximately 31 kDa, with different chromatographic prop- 
erties from those of its cousin in serum. The protein is 
present in calcium, but not struvite calculi, demonstrating 
that its occurrence there is not a consequence of intrarenal 
bleeding induced by the stone itself," and is localized to the 
thick ascending limb of the loops of Henlé and the distal 
convoluted tubules, where its expression is greater in stone 
formers than in controls.*'* Contrary to the long-held belief 
that prothrombin is synthesized exclusively in the liver, it is 
clear that it is also manufactured in the kidney, since mRNA 
encoding the protein has been detected in both the human 
kidney?! and rat?20-322 kidney. 


4.8.4.1 Effect of PTF1 on Crystallization 


PTF! is a very strong inhibitor of both CaOx crystal growth 
and aggregation in inorganic solutions**°** and in undiluted, 
ultrafiltered human urine.** The protein’s potency in both 
media can be attributed to its Gla (y-carboxyglutamic acid) 
domain.***** This domain, located at the N-terminus of PTF1 
and its parent, prothrombin, contains 10 residues of Gla, full 
y-carboxylation of which is indispensable for the efficient 
clotting of blood, and also for the binding of PTF1 to CaOx 
crystals. Warfarin reduces blood coagulation by inhibiting 
y-carboxylation of prothrombin, and therefore that of the 
PTF! fragment. It has been shown that Gla-deficient forms 
of the protein resulting from warfarin therapy are not incor- 
porated into CaOx crystals,**° while chemical reduction of 
the number of Gla residues also reduces the protein’s 


inhibitory effect on CaOx crystallization in inorganic 
media.” It has been reported that the Gla content of PTF1 
from stone formers is less than that of healthy subjects, as is 
its inhibitory activity.” 

PTF1’s binding properties and inhibitory potency appear 
to depend, in addition to its Gla domain, upon the degree of 
sialylation of the molecule’s o-glycan groups,” while its car- 
bohydrate moieties affect its influence on crystal nucleation 
and aggregation, but not growth.**’ However, it is also appar- 
ent that the inhibitory potency of PTF1 in urine is related to 
the composition of the urine itself, since the activities of PTF1 
isolated from the urines of black and white subjects differ 
when tested in urine obtained from each group,**' despite the 
lack of any structural difference between them.** This obser- 
vation is consistent with modeling studies suggesting that 
inhibitory activity is dictated by factors other than, or in addi- 
tion to, the number of possible points of contact between vari- 
ous protein molecules and the COM crystal surface.'** 

PTF1 binds to CaOx in a highly selective manner. It 
attaches avidly to COM crystals, both in inorganic media'™ 
and urine,” but binds reluctantly to COD and only at low 
calcium concentrations.” The protein binds specifically to 
the end, apical faces of the COM crystal, a preference that 
cannot be explained simply in terms of interactions between 
the protein’s Gla residues and Ca or oxalate arrays on the 
COM crystal surface.'™ In binding to the apical faces, PTF1 
competes successfully with HSA (which also prefers to 
attach to those faces) forcing it to bind instead to the side 
faces of the crystal. 1° 


4.8.4.2 Effect of PTF1 on Crystal-Cell Interaction 


Although the concentration of PTF! was not directly quanti- 
fied in the study, COM crystal coating by the protein has 
been reported to correlate with decreased binding of the 
crystals to cultured renal epithelial cells.” Nonetheless, 
unpublished data from our laboratory have shown that PTF1 
attached to the surfaces of COM crystals potently inhibits 
their binding to MDCK cells, and intracrystalline PTF1 
facilitates their degradation and dissolution — both in a dose- 
dependent manner. PTF1 may therefore help to reduce the 
likelihood of crystal attachment, and thereby, the progres- 
sion from crystalluria to stone formation. Moreover, if attach- 
ment and internalization do occur, it could also help to 
prevent the development of stones by encouraging intracel- 
lular crystal dissolution. 


4.8.4.3 Expression of PTF1 in Animal and Cell Models 


The expression of PTF1 has been shown to increase in 
MDCK cells challenged with oxalate’ and two studies have 
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examined the gene expression of prothrombin in animal 
models of urolithiasis. One reported a significant increase in 
the protein’s mRNA in the kidneys of rats rendered hyperox- 
aluric by the administration of ethylene glycol,*”° but the 
other reported the exact opposite.** This discrepancy can 
probably be attributed to methodological differences in stan- 
dardizing mRNA extraction. 


4.8.4.4 Urinary Excretion of PTF1 


Although at least two attempts have been made to quantify 
the excretion of PTF1 in urine, the results are almost cer- 
tainly unreliable. As discussed above, the presence in urine 
of CaOx crystals formed either before or after voiding will 
unavoidably cause underestimation of any protein that binds 
irreversibly to them. A reduction in the measured concentra- 
tion of PTF1 in the presence of crystals has been demon- 
strated,**° an undoubted consequence of its extraordinary 
affinity for the COM crystal surface. Apart from a semiquan- 
titative study that was unable to demonstrate any difference 
between the PTF1 content of urine from stone formers and 
controls,*!* there has been only one other report of the mea- 
surement of urinary PTF1 concentration.** Although that 
study observed a reduced concentration in the urine of stone 
formers, it did not take account of the possibility that CaOx 
crystals may have been present in the urine samples before or 
after voiding. 


4.8.4.5 Summary 


There is good evidence that PTF1 may play a significant 
regulatory role in stone formation. However, as with all other 
proteins to which have been putatively assigned similar func- 
tions, there is currently no unambiguous evidence that it is an 
obligate participant in stone pathogenesis. 


4.8.5 Inter-a-Inhibitor (lad) 


It is now almost 20 years since Sørensen and his colleagues 
isolated from urine a glycoprotein related to inter-a-trypsin 
inhibitor, now more commonly known as inter-a-inhibitor 
(TaI), which inhibited the growth of CaOx in an inorganic 
medium.**” Ial is a complex Kunitz-type proteinase inhibitor 
consisting of four heavy chains — H1, H2, H3, and H4. These 
are linked to a proteoglycan complex comprising bikunin 
and chondroitin sulfate, which is the predominant protease 
inhibitor in urine.” Heavy chain 3 is found in spherules 
comprising Randall’s plaque and in the collecting ducts, thin 
loops of Henlé, and interstitial matrix of stone formers’ 


kidneys, while bikunin is present only in the collecting duct 
apical membranes and the loop cell cytoplasm.** The Ial 
family of peptide chains is encoded by at least five different 
genes.*** Although the heavy chains are directly related to 
the physiological functions of intact IaI through transfer to 
hyaluronic acid,” it is the bikunin portion of the molecule 
that has so far attracted most attention. Bikunin appears to 
fulfil disparate physiological functions as a protease inhibi- 
tor, growth factor, regulator of intracellular calcium levels, a 
component of the extracellular matrix, and most relevant to 
this review, a potential modifier of calcium urolithiasis.*”° 

Atmani and his coworkers extended the initial work of 
Sørensen et al.” Working on a closely related 35 kDa uri- 
nary protein that inhibited CaOx crystal growth, which they 
originally called uronic acid-rich protein,” they later showed 
that it shared homology with Ial.” Uronic acid-rich protein 
was eventually identified as bikunin.** Both H1 and H2% 
and bikunin”’’ have been positively identified in the organic 
matrix of calcium stones, as well as in CaOx crystals precipi- 
tated from urine. 346 


4.8.5.1 Effect of lal on Crystallization 


Although inhibitory studies have shown that bikunin is a pro- 
ficient inhibitor of CaOx crystallization in inorganic 
media,” it has little effect at expected physiological 
concentrations.*” Its effects in undiluted human urine have 
never been reported. There is in agreement, however, that 
neither Iaol itself nor its heavy chains significantly reduce 
CaOx crystallization, even in inorganic media***°°; activity 
appears to be confined to the bikunin fragment of Ial, where 
it is localized to the carboxy-terminal domain of the mole- 
cule.*° The protein from the urine of stone formers has been 
reported to be a less efficient inhibitor of CaOx crystalliza- 
tion than that isolated from healthy subjects.** 


4.8.5.2 Effect of lal on Crystal-Cell Interaction 


In the only study examining the effect of bikunin on crystal— 
cell attachment, the protein was reported to inhibit COM 
adhesion to MDCK cells.” 


4.8.5.3 Expression of ial in Animal and Cell Models 


Bikunin is present in rat urine* and is expressed in the normal 
rat kidney, mainly in the proximal tubules and the thin descend- 
ing segment near the loop of Henlé,*’ though the protein is 
redistributed to the corticomedullary junction under lithogenic 
conditions.* Levels of expression of bikunin mRNA rise in 
the kidneys and urine of rats during experimental CaOx 
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nephrolithiasis as well as in MDCK cells exposed to 
oxalate.*°* Gene expression does not, however, increase in 
MDCK cells challenged with CaOx crystals.” 


4.8.5.4 Urinary Excretion of lal 


Although it has been reported that the intact Ial trimer mol- 
ecule as well as dimers of two of its heavy chains with 
bikunin are detected more frequently in stone formers than 
healthy men,*!*“°? this may simply represent a nonspecific 
inflammatory response to the presence of stones or crystals 
in the urinary tract, rather than synthesis of the protein as a 
specific form of defense against lithogenic conditions. In any 
event, findings have been inconsistent, since other studies 
have shown that bikunin levels in the urine of stone formers 
are decreased relative to controls.**'!*® Of course, as dis- 
cussed above, reports of decreased bikunin levels in urine 
may simply reflect binding of the protein to urinary crystals, 
since in neither study*'“* were allowances made for the 
possible presence of urinary crystals. 


4.8.5.5 Summary 


As with the other proteins discussed above, evidence contin- 
ues to accumulate that suggests an association between Ial 
and calcium stone formation. However, the nature of that 
association is still uncertain, and it is not presently possible 
to state with any assurance whether the protein is a product 
of inflammation induced by oxalate, crystals, or stones, or 
whether it plays a directive role in the process. 


4.8.6 Calgranulin (Calprotectin) 


Calgranulin (24 kDa) is a heterodimer of two calcium-bind- 
ing proteins comprising light and heavy chains, which is 
present in the cytoplasm of neutrophils and expressed on the 
membranes of monocytes.” Its involvement in inflamma- 
tory conditions has encouraged its measurement as a urinary 
marker of several diseases, including rheumatoid arthritis, 
pulmonary conditions, and bowel cancer.**' The protein is 
present in the organic matrix of struvite? and CaOx 
stones***7%-363 and is expressed by MDCK cells in the 
vicinity of CaP deposits formed when the cells are inocu- 
lated into nude mice.*“ The human urinary protein has been 
shown to inhibit CaOx crystal growth and aggregation at 
nanomolar concentrations*® and suggested to be one of sev- 
eral marker proteins for urolithiasis,“ although its useful- 
ness is again tempered by the ever-present problem of 
crystalluria. Although calgranulin’s properties and presence 


in stone matrix strongly suggest an involvement in stone for- 
mation, it is a relative newcomer to the stone scene and little 
information has been collected thus far: more information 
will need to be collected before it will be possible to decide 
whether or not it fulfils a directive role in urolithiasis. 


4.8.7 Human Serum Albumin (HSA) 


After THG, HSA is the most abundant protein in urine. It has 
long been known to be present in stone matrix’ and its 
detection in all the five kidney stones in which it was bound 
to other urinary proteins led to speculation that it fulfils a 
specific role in the formation of stone matrix.” HSA is 
incorporated into inorganic COM crystals, binding specifi- 
cally to their end apical faces, but it attaches to the side faces 
of COM crystals precipitated from urine, because of compe- 
tition from the more strongly binding PTF1.'" Most HSA in 
stone matrix probably results, therefore, from nonspecific 
inclusion resulting from damage caused by the stone itself — 
together with its physiological ubiquity. HSA has only a 
weak affinity for the COM mineral, since it is included into 
COM crystals in much smaller quantities than would be 
expected from its high concentration in urine™™ and it is 
not detectable in COD crystal matrix [our own unpublished 
observations], despite the fact that its presence in solution 
tends to favor the formation of COD.*” 

HSA has very little effect on CaOx crystal growth in 
either inorganic solutions**“**7°°”' or undiluted ultrafiltered 
human urine.” However, it retards crystal aggregation 
strongly in seeded metastable solutions,””*****” but only rel- 
atively weakly in urine.” HSA derived from black subjects 
inhibits aggregation more potently than that from whites, 
which has been attributed to structural differences between 
the protein from each source.” There have been several 
papers showing that CaOx crystal nucleation from inorganic 
solutions is facilitated by HSA,*°"” especially when it is 
adsorbed to solid supports,*°°” and one report that HSA 
from normal controls is a stronger nucleator than is that from 
stone formers.*® A raised HSA concentration in the urine of 
stone formers”*' may have been symptomatic of renal bleed- 
ing caused by the stone, rather than indicative of a crucial 
role for the protein in stone formation, particularly since it 
was accompanied by an increase in urinary excretion of 
transferrin — another blood protein. 


4.8.7.1 Summary 
Evidence that HSA plays a specific role in calcium stone for- 


mation is not convincing, and its invariable occurrence in 
stones is perhaps more likely to reflect its plenitude in urine, 
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blood, and tissues, than to result from specific interactions 
with crystals or other proteins. 


4.8.8 Fibronectin 


Fibronectin (FN) is a relatively recent player in the stone saga. 
Present in high concentration in plasma, FN is a multifunc- 
tional protein that mediates various cellular interactions with 
the extracellular matrix and is an important protagonist in cell 
adhesion, migration, growth, and differentiation.*” Although 
FN adsorbs to CaOx crystals,” its ability to inhibit COM crys- 
tal binding to cultured renal epithelial cells,’ as well as subse- 
quent internalization,***' depends on interactions with the cells 
— not on coating of the crystals. These effects of FN appear to 
be related to the type of cells used, since it promotes binding of 
crystals to the human renal cancer cell line CAKI-1.** 

FN also inhibits MDCK cell injury induced by exposure 
to oxalate and COM crystals,*”’ and the FN content of the 
cells rises proportionately with the amount of crystals bound 
to them.*” In a lithogenic rat model, the protein is found 
expressed on tubules to which crystals are attached.*” 
Although it inhibits CaOx crystal aggregation in an inorganic 
seeded crystallization system,” it has only a slight effect on 
crystal growth.” Reports of a raised urinary FN concen- 
tration in recurrent stone formers with silent stones and a 
decreased concentration in those without silent stones*” are 
more likely to reflect the presence of hematuria in the former 
group, rather than enhanced renal secretion of the protein. 


4.9 Conclusions 


This chapter reviews published literature on human stones 
up to the beginning of 2009. However, many reports have not 
been cited; not because they are irrelevant or unimportant, 
but because the relevant literature is simply too extensive. 
Nonetheless, the vast wealth of accumulated knowledge has 
told us a great deal about the low and high molecular weight 
components that have come to be regarded as promoters or 
inhibitors. But inhibitors or promoters of what? Calcium 
oxalate crystallization in an inorganic solution? In urine? 
Adhesion of crystals to renal epithelial cells? Stone forma- 
tion itself? Of course, the aim of the studies reported here 
was to clarify the function of inhibitors and promoters in the 
formation of calculi, but currently, with the possible excep- 
tion of citrate, there is no unequivocal evidence that any 
single molecule is directly instrumental in preventing or 
advancing stones. And we should not expect there to be. 

I have previously described stone formation as an exam- 
ple of chaos — with good reason.*” Literally countless factors 
affect the likelihood that sparingly soluble crystals will pre- 
cipitate in the urinary tract and initiate stone pathogenesis — 
from genetics to diet, water quality to climate, and geography 
to urine and cellular composition. And even if we single out 
one group of factors — so-called inhibitors or promoters — we 
find that their influences are manifold and contradictory. 
Figure 4.6 shows the various ways in which urinary mole- 
cules could influence events leading to stone formation, both 
extracellularly in the urinary stew, and intracellularly within 
the kidney. 
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Fig. 4.6 The possible extra- and 
intracellular effects of urinary 
macromolecules in stone 
formation 
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According to published literature, depending upon the 
experimental system used, it seems they can do just about 
everything. For instance, stones cannot form without the nucle- 
ation of crystals. But enhanced nucleation could actually be 
protective, because higher nucleation rates produce smaller 
crystals less likely to become trapped in the renal tubules. 
Attachment of crystals to the renal epithelium is required for 
stone formation, but their attachment does not inevitably lead 
to stones, because cells can swallow and demolish them. Thus, 
promoters can inhibit and inhibitors can promote. 

Where does this leave the hapless stone former? It is likely 
that we have exhausted the range of natural low molecular 
weight molecules suitable for preventing stones, although the 
chemical agents responsible for the apparent success of some 
plant extracts have not yet been fully investigated. Proteins may 
well yield information about molecular motifs that could be 
synthesized and used to tailor stone treatment, but we are cur- 
rently swamped with proteins which, though in stones, did not 
contribute actively to their formation. So which ones should we 
study? The most likely candidates are osteopontin, prothrombin 
fragment 1, calgranulin, hyaluronan, annexin, fibronectin, 
matrix Gla protein, fetuin, and osteocalcin. Why? Because 
Nature is economical. The macromolecules — especially pro- 
teins — involved in CaOx crystal formation and retention will 
almost certainly be the same ones already known in humans and 
other organisms to bind calcium, and its salts avidly regulate 
healthy calcitum-dependent physiological functions, control the 
deposition and assembly of healthy bone, dentine, and cartilage, 
and prevent other ectopic calcification.’”° 
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Renal Cellular Dysfunction/Damage 
and the Formation of Kidney Stones 


Saeed R. Khan 


Abstract Supersaturation is the driving force behind crystal formation in the kidneys. It can, 
however, result only in the formation of crystals that can often be harmlessly excreted. For 
stone formation, crystals must form, grow, and be retained in the kidneys, which is indeed 
a rare occurrence. Crystalluria is universal while stone formation is not. Only pathological 
changes in the kidneys and renal cell dysfunction and injury can accomplish crystal retention 
and formation of stone nidus. Cellular dysfunction can be intrinsic or provoked. Lethal epi- 
thelial cellular injury promotes crystal nucleation, aggregation, and retention. Sublethal injury 
or dysfunctional cells may produce ineffective crystallization modulators and localized areas 
of supersaturation in the interstitium. The former will affect crystallization in the urine while 
the latter may cause precipitation in the interstitium and development of Randall’s plaques. In 
addition, dysfunctional cells affect supersaturation, by influencing the excretion of participat- 
ing ions such as calcium, oxalate, and citrate, and modulating urinary pH and production and 
excretion of macromolecular promoters and inhibitors of crystallization. 


hypothesis that abnormalities are the result of cellular 
dysfunctions; some inherited and endogenous and others 
extrinsic and environmental. 

That renal cellular and tubular dysfunction may be 
involved in stone formation was first suggested in 1884 by 
clinical and experimental observations of Ebstein, who 
examined the human stones as well as experimentally pro- 
duced oxamide stones.” Ebstein showed that urinary stones 
contained a framework of albuminous substances (organic 
matrix). He believed that this substance, the matrix, was pro- 
duced as a result of “inflammation or catarrh of the urinary 
tract, which lead to sloughing of the epithelium” and the for- 
mation of a “ground work for the impregnation of inorganic 
urinary components.” In 1923, Keyser replicated Ebstein’s 
experimental studies and found that oral administration of 
oxamide resulted in its hyperexcretion, and produced a “dif- 
fuse tubular nephritis” and bilateral stones, which were com- 
posed of oxamide and organic matrix. He suggested that urine 
contains “protective colloids,” which keep the “crystalloids” 
in solution. Calculi develop as a result of the “abnormal col- 
loidal mechanism.” 

Urinary stones can form anywhere in the urinary system, 
from kidneys to the bladder, but in the industrialized and 


5.1 Introduction 


Kidney stone formation is a common urological disorder in 
the USA with a lifetime risk of nearly 13% in men and 7% in 
women.' Recurrence of stone formation is common. 
Probability of recurrence in idiopathic stone formers is 
40-50% within 5 years of the initial episode, and 50-60% by 
10 years. Thus approximately 40% of the stone formers do 
not produce another stone. Stone formers with systemic dis- 
eases such as cystinuria, primary hyperoxaluria (PH), and 
primary hyperparathyroidism have a higher rate of recur- 
rence. Calcium oxalate (CaOx) is the major constituent of 
most stones and is generally found mixed with calcium phos- 
phate (CaP). Hypercalciuria, hyperoxaluria, and hypocitratu- 
ria, alone or in combination, are the main abnormalities in 
most idiopathic calcium oxalate stone formers. Obviously, 
stone formation is episodic and stone formers have specific 
abnormalities: some innate resulting in regular and frequent 
stone recurrences, and others that require triggering and acti- 
vation leading to long intervals between stone events. It is our 
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affluent societies, they are generally restricted to the kidneys. 
Kidney stones generally form attached to the renal papillary 
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tips. Randall first emphasized the importance of renal papilla 
when he described minute tubular calculi and subepithelial 
calcium plaques within and on human renal papillae and sug- 
gested that these could serve as focal points for stone devel- 
opment.’ He suggested that interstitial subepithelial deposits 
of calcium phosphate or calcium carbonate arising from 
pathological conditions of the renal papilla erode through to 
the papillary surface forming a lesion, which he called type 1. 
He further suggested that excessive urinary supersaturation in 
association with tubular cell death results in crystal deposition 
in the collecting ducts producing a type 2 lesion. Both types 
of lesions acted as foci for further stone growth in the pelvis 
or papillary ducts. Thus Randall proposed a theory in which 
both urinary supersaturation and renal tubular damage play a 
part in stone formation. This chapter will review clinical and 
experimental data and examine the role of renal dysfunction/ 
damage and urinary supersaturation in the formation of 
CaOx kidney stones. 


5.2 Supersaturation and Crystallization 
of Calcium Oxalate 


The formation of kidney stones or nephrolithiasis is a result 
of crystal formation in the kidneys. Crystallization is modu- 
lated by a number of urinary inhibitors and promoters, which 
determine whether a crystal will nucleate and grow into a 
stone or excreted as a crystalluria particle. The driving force 
for crystallization is the development of supersaturation with 
respect to the precipitating salt.‘ However, supersaturation 
alone cannot explain stone formation because people who 
have never formed stones can also pass highly supersaturated 
urine.» Human urine is a complex solution containing not 
only calcium (Ca) and oxalate (Ox) but also other ions and 
macromolecules that can interact with Ca and/or Ox and 
modulate crystallization. Thus urinary CaOx supersaturation 
depends not only on the concentration of Ca and Ox but also 
the presence of ions such as citrate and magnesium; and 
hypercalciuria, hyperoxaluria, and hypocitraturia are major 
risk factors for calcific stone formation. Supersaturation and 
crystallization in the urine also depend upon the presence of 
macromolecules such as many proteins and lipids®* which 
can bind or form complexes with Ca and/or Ox. Any cellular 
defect or dysfunction that can affect participating urinary 
ions and macromolecules can also influence CaOx supersat- 
uration and crystallization in the kidneys. Some defects are 
innate and the result of genetic modifications, while others 
are the result of exposure to various stimuli. 

Crystal formation within the urinary tract, particularly of 
calcium phosphate (CaP) and CaOx, is widespread. Humans 
excrete millions of urinary crystals daily, indicating at least 
transient development of supersaturation. However, few 


develop kidney stones; probably because either the crystals 
do not form in the kidneys or the crystals that form do not 
stay there. It has been suggested that with a transit time 
across the kidney of 5—10 min, residence time for the crystals 
to nucleate and grow large enough to be trapped’ is not 
enough. The inner diameter of various segments of renal 
tubules ranges from 15—60 um (micrometers).* The crystals 
of CaOx, growing at the rate of 1-2 m/min cannot grow 
bigger than a few micrometers and are therefore excreted 
with urine without causing any stone episode. 

Even though crystals do not form without supersatura- 
tion, it is only one step in the process of stone formation. In 
order for stone to be formed, not only do the crystals need to 
be retained within the kidney but they should also be posi- 
tioned at sites where crystals can ulcerate to renal papillary 
surface to form a stone nidus. It is hypothesized that renal 
injury promotes crystal retention and the development of 
stone nidus on renal papillary surface.’ In addition, renal epi- 
thelial injury supports crystal nucleation at lower supersatu- 
ration.” Injury can be of any origin. Persistent mild 
hyperoxaluria by itself or through crystallization of CaOx is 
injurious to the renal epithelium.'''? Hypercalciuria may 
similarly be injurious. Shock wave lithotripsy (SWL) is 
injurious to the renal tissue including tubular as well as vas- 
cular epithelium.'* 


5.3 Intrinsic Factors: Genetic Basis 
of Cellular Dysfunction 


The fact that stone disease has a genetic basis has long been 
appreciated. There is however no agreement as to which 
genes are involved and to what extent. 


5.3.1 Calciuria 


Hypercalciuria is one of the major risk factors for the forma- 
tion of idiopathic kidney stones. Genes encoding for soluble 
adenylate cyclase (SAC), vitamin D receptor (VDR), calcium 
sensing receptor (CaSR), sodium phosphate cotransporter-2 
(NPT-2), chloride channel-5 (CLC-5), transient receptor 
potential cations channel V (TRPV5), and claudin-16 have 
been implicated in hypercalciuria and idiopathic nephro- 
lithiasis (Table 5.1); many divergent results notwithstand- 
ing." sAC is expressed in kidneys, intestine, and bone.'° In 
the kidneys the expression is seen in epithelia lining distal 
tubules, thick ascending limbs (TALs), and collecting ducts." 
sAC is suggested to be a bicarbonate exchanger.'*!’ 
Individuals with sAC mutations are hypercalciuric osteopenic 
stone formers.'*?° 


5 Renal Cellular Dysfunction/Damage and the Formation of Kidney Stones 


63 


Table 5.1 Various genes involved in hypercalciuria and stone formation 


Renal Phenotype 


Inactivating mutation causes hypercalciuria, 
hyperphosphaturia, low molecular weight proteinuria, 
nephrocalcinopsis, stones 


Gain of function mutation produces hypercalciuria, 
nephrocalcinosis, stones 


Hypercalciuria, magnesium wasting, nephrocalcinosis, 
stones 


Hypercalciuria, hypophosphatemia, phosphate wasting, 
nephrocalcinosis, stones 


Hypercalciuria, hyperphosphaturia 


Hypercalciuria, stones 


Gene Gene Product/Function Renal Tubular Expression 
CLCN5 CI/H antiporter PT, TAL, alC 
CASR Calcium sensing receptor PT (apical), MCD (principal 
cell, apical), TAL 
(basal), DCT (basal) 
CLDNI6__ Tight junction protein TAL, DCT 
NPT2a/c_ Sodium phosphate cotransporter R 
TRPV5 Calcium selective transient DCT, Connecting Tubule 
receptor potential channel 
sAC Soluble adenylate DCT, TAL, CD 
cyclase/bicarbonate exchanger 
KLOTHO Aging Suppression protein/regulator DCT 


of calcium homeostasis 


Hypercalciuria 


CD collecting duct; DCT distal convoluted tubule; /C intercalated cell; PT proximal tubule; MCD medullary collecting duct; TAL thick ascending limb 


VDR is expressed in vitamin D sensitive tissues and VDR 
genes and their polymorphisms are suggested to play signifi- 
cant roles in hypercalciuria and stone formation.'*’°*> The 
concept of VDR involvement in hypercalciuria and stone 
formation is strengthened by investigations of hypercalciuric 
rats produced by selective breeding of normal Sprague- 
Dawley rats over 60 generations. These rats have high intes- 
tinal expression of VDR, increased calcium absorption in the 
intestine, increased bone resorption, decreased calcium reab- 
sorption in the kidney, and produce calcium phosphate stones 
in the urinary space.*! The hypercalciuric rats produce 
CaOx stones when made hyperoxaluric through dietary 
manipulation.” Human investigations of VDR gene and poly- 
morphism have, however, led to conflicting data. Increased 
numbers of vitamin D receptors were found on peripheral 
blood lymphocytes of some hypercalciuric patients but no 
abnormality of the VDR gene was detected.” In a study of 
French-Canadian sibling pairs a susceptibility locus associ- 
ated with stones and hypercalciuria was identified on chro- 
mosome 12q12-14 near the VDR gene.” Somewhat similar 
results were obtained investigating Indian families with 
hypercalciuric stone forming members.'* In another study, 
this time with European hypercalciuric stone forming fami- 
lies, no linkage was found between chromosome 12q12—14 
and hypercalciuria.” 

Several of the restriction fragment length polymorphisms 
(RFLPs) of the VDR gene have been implicated in hypercal- 
ciuria and stone formation. Links have been established in 
some cases and not confirmed in others. An association 
between FokI polymorphism and calcium oxalate stone dis- 
ease! and TaqI polymorphism and severe recurrent stone 
disease” has been suggested. No association between stone 


formation and FokI or TaqI polymorphism has been 
reported.*°**? In one study Apal and BsmlI polymorphisms 
coincided only with fasting hypercalciuria.”” 

CaSR is expressed in kidneys, intestine, parathyroid, and 
bone,” and among other functions is involved in renal han- 
dling of calcium and water. In the kidneys it is expressed in the 
apical membranes of proximal tubular epithelial cells and 
principal cells of the medullary collecting ducts and basolat- 
eral membranes of epithelial cells lining the thick ascending 
limb of the loop of Henle as well as the distal tubules. 
Polymorphism of CaSR gene has been shown to be associated 
with calcific stone formation. The relative risk of hypercalciu- 
ria is increased in individuals with gain of function muta- 
tion." Activating CaSR mutation in a mice model leads to 
ectopic calcification.** 

Renal phosphate wasting with nephrolithiasis is reported in 
hereditary hypophosphatemic rickets with hypercalciuria as 
well as Dent’s disease. Since NPt2a encodes for proximal 
tubular sodium phosphate cotransporter, which is involved in 
reabsorption of filtered phosphate, this gene is considered a 
candidate gene for hereditary renal phosphaturia. Mutation 
in NPT-2 gene encoding sodium phosphate cotransporter in 
proximal tubule has been implicated in hypophosphatemia 
and kidney stone.” Variant Npt2a were found in two of 20 
study subjects with osteoporosis or recurrent stone disease 
with renal phosphate leak. A later study of a cohort of 98 fami- 
lies of hypercalciuric stone formers found a number of genetic 
variations in the gene. But the variations were not associated 
with significant abnormalities of phosphate or calcium han- 
dling.“ Recently, mutations in genes encoding NPT2c trans- 
porter have been identified in consanguineous kindreds and 
additional families with hereditary hypophosphatemic rickets 
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and hypercalciuria indicating that NPT2c may play a signifi- 
cant role in the kidneys.*! Mice with disrupted NPT-2a cotrans- 
porter gene created by targeted mutagenesis exhibit increased 
urinary excretion of phosphate, ~80% decrease in renal brush 
border membrane Na/phosphate cotransport, and hypophos- 
phatemia, which leads to increased serum 1,25 (OH) 2D levels, 
overexpression of intestinal calcium channels, intestinal calctum 
hyperabsorption, and development of hypercalciuria.** NPT-2a 
-/- mice develop renal deposits of apatitic calctum phosphate 
in their kidneys, present in newborn, weanling, as well as 
adult mice (Fig. 5.1). 

Chloride/proton antiporter CLC-5 is encoded by the 
CLCNS gene and is expressed in the renal epithelial lining 


Fig. 5.1 Calcium phosphate deposition in kidneys of Npt2a -/- mice 
(a) H&E stained section showing intratubular calcium phosphate depos- 
its (arrows) in both the medullary and papillary collecting ducts of 
5-day-old male mice. (b) SEM of a calcium phosphate deposit showing 
both surface and interior. (c) Kidney section was stained with von Kossa 
to show that deposits are made of calcium phosphate. Deposit present in 
the papillary collecting duct seen in (a) (inside the box) is positively 
stained and concentrically laminated 


proximal tubule and thick ascending limb of the loop of 
Henle and alpha intercalated cells of the collecting ducts. 
Inactivating mutations of CLCN5 cause Dent’s disease, an 
X-linked recessive tubulopathy characterized by low molecular 
weight proteinuria, hypercalciuria, nephrocalcinosis, nephro- 
lithiasis, and progressive renal failure.“ CLC-5 is critical in 
endosome acidification and involved in membrane trafficking 
via receptor-mediated endocytic pathway. Loss of chloride 
channel CIC-5 impairs endocytosis by defective trafficking 
of megalin and cubilin in kidney proximal tubules.“ Mice 
lacking CLC-5 gene show endocytic disruption“ and 
develop renal tubular defects with low molecular weight 
proteinuria, hypercalciuria, and nephrocalcinosis.*”“* 

One cause of hypercalciuria is decreased calcium reab- 
sorption by renal tubules, which occurs by passive entry of 
Ca** through apical Ca”* channels (TRPV5 and TRPV6) fol- 
lowed by diffusion through the cytosol facilitated by calbin- 
din-D28K with eventual extrusion across the basolateral 
membrane. Currently, it is thought that the primary rate- 
limiting step for transepithelial Ca™ reabsorption is the api- 
cal entry step. TRPV5 is the main channel responsible for 
apical Ca** entry. TRPV5 is a calcium-selective channel 
expressed in distal convoluted tubule and connecting tubule 
and a member of the transient receptor potential (TRP) 
channel family, which includes 28 ion channels that act as 
cellular sensors and regulate a variety of cell functions.*° 
TRPV5 channels mediate calcium reabsorption in the kid- 
neys and their expression is regulated by parathyroid hor- 
mone; 1,25 di-hydroxyvitamin D3; estrogen; and dietary 
calcium. TRPV5 -/- mice have impaired Ca reabsorption 
and high plasma 1,25 di-hydroxyvitamin D3 with compen- 
satory hyperabsorption of dietary calcium and severe cal- 
cium wasting.’ Despite elevated urinary calcium excretion 
there is no renal calcification because of significant polyu- 
ria. Human mutations of TRPV5 have so far not been 
reported. Thus the importance of this gene in idiopathic 
hypercalciuria is unknown. TRPV5-mediated calcium reab- 
sorption could, however, be regulated by other molecules 
such as “with no kinase” 4 (WNK4).°? Mutation of WNK4 
causes autosomal dominant pseudohypoaldosteronism type 
II, which is characterized by hypercalciuria associated with 
hyperkalemic hypertension. 

Claudins are present in membranes of tight junctions in a 
number of epithelia.” Claudin-16 also called paracellin-1 
(PCLN-1) is exclusively expressed in thick ascending limb 
of the loop of Henle and plays a role in paracellular transport 
of calcium and magnesium.™ Loss of function mutations in 
CLDNI16 gene encoding for claudin-16 have been identified 
in patients with familial hypomagnesemia with hypercalciu- 
ria and nephrocalcinosis.** Results of a study showed that 
many heterozygous relatives of patients with familial hypo- 
magnesemia with hypercalciuria and nephrocalcinosis pro- 
duced stones, but the prevalence of nephrolithiasis or 


5 Renal Cellular Dysfunction/Damage and the Formation of Kidney Stones 65 


hypercalciuria was not significantly different from that in the 
general population.” A missense mutation of CLDN/6 found 
in two families was associated with self-limiting childhood 
hypercalciuria, which decreased with age and was not asso- 
ciated with progressive renal decline.°° 

Klotho is an aging suppression protein predominantly 
expressed in renal distal convoluted tubules, parathyroid 
gland, and epithelial cells of the choroid plexus.” 
Overexpression of klotho increases the life span in mice.** In 
humans, a correlation between polymorphisms of klotho 
gene and life span, osteoporosis, and coronary artery disease 
has been shown.” Klotho-deficient mice are hypercalcemic 
and hypercalciuric, show reduced renal absorption of cal- 
cium and reduced TRPV5 expression, and have higher circu- 
lating levels of 1,25 dihydroxyvitamin D (1,25-D). Klotho 
inhibits the expression of 25-hydroxyvitamin D lalpha 
hydroxylase, a key enzyme for synthesis of 1,25-D. The 
treatment of cells in culture with klotho increases expression 
of TRPV5 channels.°! Based on these and other observations, 
klotho is considered a critical regulator of calcium homeo- 
stasis. Klotho is also known to serve as a co-receptor for 
bone-derived fibroblast growth factor-23 (FGF23)°, which 
promotes renal phosphate wasting and vitamin D activation. 
The Klotho-fibroblast growth factor receptor (FGFR) com- 
plex binds to FGF23 with a higher affinity than FGFR or 
Klotho alone. 


5.3.2 Oxaluria 


Urinary oxalate, the critical risk factor in CaOx nephrolithia- 
sis, is derived from dietary as well as endogenous sources 
and its concentration is controlled by production in the liver, 
by the erythrocytes, conversion of ascorbate, and absorption 
and secretion in the gut and kidneys, involving many 
enzymes, transporters, and exchangers. Glyoxylate is the 
immediate precursor of endogenous oxalate in the liver as 
well as erythrocytes. In the liver, glycolate is oxidized by 
peroxisomal glycolate oxidase to glyoxylate, which is fur- 
ther oxidized to oxalate by lactate dehydrogenase. Under 
normal conditions, glyoxylate is catalyzed by peroxysomal 
enzyme alanine glyoxylate aminotransferase (AGT) into 
glycine, which is metabolized to serine. Alternatively, gly- 
coxylate is reduced to glycolate by the widely distributed 
cytosolic enzyme D-glyoxylate reductase/d-glycerate dehy- 
drogenase/hydroxypyruvate reductase. Deficient AGT activ- 
ity due to mutation or mistargeting results in failure to 
detoxify glyoxylate, which is either oxidized to oxalate or 
reduced to glycolate, leading to significantly increased uri- 
nary excretion of oxalate — a condition called primary hyper- 
oxaluria type 1. Deficiency of the enzyme d-glycerate 
dehydrogenase leads to increased oxidation of glyoxylate to 


oxalate and its significantly increased urinary excretion. This 
condition is called primary hyperoxaluria type 2.° 

A null mutant mouse was generated by targeted mutagen- 
esis of the homologous alanine-glyoxylate amino transferase 
gene, Agxt,, in embryonic stem cells. Mutant mice, though 
developed normally, exhibited hyperoxaluria and CaOx crys- 
talluria. Urinary oxalate was normalized and CaOx crystal- 
luria stopped by hepatic expression of human AGT1, the 
protein encoded by Agxt, by adenoviral vector-mediated gene 
transfer in Agxt(-/-) mice. The expression of wild-type human 
AGTI1 was predominantly localized in peroxisomes of the 
mouse liver, while that of the most common mutant form of 
AGT1 (G170R) was primarily localized in the mitochondria. 

Glyoxylate is also suggested to be the precursor of oxalate 
in the erythrocytes, where oxalate is transported via Band3 
anion exchanger protein (AE1), whose gene is the solute 
linked carrier Slc4a1. In the kidneys, Slc4a1 is expressed on the 
basolateral membrane of type A acid secretory intercalated 
cells of the collecting duct epithelium and is responsible for 
chloride/bicarbonate exchange.” Mice lacking Sic4al develop 
nephrocalcinosis, hypercalciuria, hyperphosphaturia, and 
hypocitraturia.“* Mutations in human gene Sic4a/ that encodes 
for band 3 protein causes distal renal tubular acidosis, which 
is associated with hypercalciuria and considered one of the 
risk factors of recurrent nephrolithiasis. 

A significant amount of urinary oxalate is derived from 
diet and some stone formers may be hyperabsorbers of 
oxalate.®:”” Results of a study showed that idiopathic calcium 
oxalate stone formers with hyperoxaluria had significantly 
increased oxalate excretion after a 5 mmol oral oxalate load 
compared to those with normal urinary oxalate excretion.” 
Three members of the solute-linked carrier 26 (Slc26) family 
of anion exchangers with role in oxalate absorption are 
expressed along the intestinal tract.” Slc26a3 is localized 
to the apical membrane of the epithelial lining of the colon. 
Slc26a6 is localized in the apical membrane of the small 
intestine and stomach epithelial cells. Slc26a7 is localized to 
the basolateral membrane of the stomach’s parietal cells. 

Several members of the Slc26 family of anion exchang- 
ers are also expressed in the kidneys.” In the proximal 
tubules Slc26a1 (Sat-1) mediates the transport of sulfate and 
oxalate across the basolateral membrane.” Slc26a6 (CFEX, 
Pat-1) is located in the apical membrane of the proximal 
tubular epithelial cells and primarily mediates chloride— 
oxalate exchange.” Targeted deletion of oxalate/anion 
exchanger gene Slc26a6 in two separate lines of mice led to 
hyperoxaluria attributable to defective intestinal excre- 
tion.’”’* In one model of S/c26a6 -/- mice hyperoxaluria is 
attributed to loss of secretion in the distal ileum accompa- 
nied by increased oxalate absorption.” In the other model, 
loss of most duodenal oxalate secretion without change in 
the oxalate absorption” leads to hyperoxaluria, hyperox- 
alemia, and calcium oxalate nephrolithiasis. Results of the 
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studies with Slc26a6 -/- mice indicate that factors regulating 
these genes may affect oxalate homeostasis and possibly 
promote CaOx nephrolithiasis. 

So far no polymorphism of the gene or its variants have, 
however, been identified among stone formers. But species- 
specific differences between mouse and human genes exist. 
Mouse S/c26a6 and human SLC26A6 share only 78% amino 
acid identity and exhibit significant differences in anion 
selectivity. The Slc26a6 in the mouse mediates bidirectional 
electrogenic chloride/oxalate transport while the same medi- 
ated by SLC26A6 in humans is electroneutral. 


5.3.3 Citraturia 


Urinary citrate is another significant determinant of CaOx 
supersaturation and an important risk factor for CaOx neph- 
rolithiasis. Citrate in the urine binds to calcium forming a 
soluble compound thereby lowering free ionic calcium, 
reducing urinary supersaturation with respect to CaOx and 
CaP, and inhibiting their precipitation.’ In addition, urinary 
citrate is shown to inhibit crystal nucleation, as well as 
growth and aggregation.” Results of several studies indicate 
that stone formers excrete less citrate in their urine than the 
non-stone formers.*°** The incidence of hypocitratuiria in 
the stone-forming population is reported to range from 19% 
to 63%.” Any cellular abnormality that leads to altered uri- 
nary excretion of citrate impacts on CaOx supersaturation 
and nephrolithiasis. Low urinary citrate levels are found in 
many conditions such as potassium depletion and renal tubu- 
lar acidosis.** 

Citrate is derived from intestinal absorption as well as 
endogenous metabolism.”***° It is filtered freely by the 
glomerulus and its urinary excretion is regulated primarily 
by rate of its reabsorption in the proximal tubules. Sixty-five 
percent to 90% of the filtered citrate is reabsorbed in the 
proximal tubules with the assistance of sodium-citrate 
cotransporter present in the apical membrane.* The trans- 
porter is encoded by 3Na-citrate*- cotransporter-1(NaDc-/), 
which has been isolated from human as well as rat and rab- 
bit kidneys. Examination of an association between citrate 
excretion and single nucleotide polymorphism (SNP) in 
exon 12 of hNaDC-I in recurrent stone formers suggests 
that the B allele of 1550V polymorphism of hNaDC-1 may 
be associated with reduction in urinary excretion of citrate 
and hypocitraturia.*’ Similar polymorphism was also found 
in hypocitraturic non-stone formers indicating that factors 
other than hypocitraturia are also involved in the formation 
of kidney stones. Involvement of NaDC-1 in citrate excre- 
tion was also investigated in an animal model of CaOx ner- 
phrolithiasis.** Hyperoxaluria was induced in male Wistar 
rats by the administration of ethylene glycol, which is known 


to lead to hypocitraturia and coax nephrolithiasis. NaDC-1 
mRNA levels in the kidneys were determined by Northern 
blot analyses and its protein expression was examined by 
immunohistochemistry. Both mRNA and protein levels 
increased significantly in hyperoxaluric rats. Administration 
of potassium citrate significantly elevated urinary citrate 
and downregulated NaDC-1 expression in the kidneys. 


5.3.4 Pyrophosphaturia 


Pyrophosphate is present in urine at concentrations of 15—100 
uM (micromolar). In a seeded crystal growth system, it 
inhibits calcium oxalate monohydrate (COM) crystal growth 
by 50% at 16-20 uM (micromolar). It can also inhibit 
COM crystal growth inside a gel matrix” and effectively 
inhibits the growth of CaPs.”*”> If it is equally efficient in 
urine it can contribute 50% crystal COM growth inhibition 
in the collecting ducts (five times dilution) and up to 80% in 
the urine. 

Hypopyrophosphaturia is postulated to be a metabolic 
risk factor for recurrent kidney stone formers.” Mutations in 
the human homologue of the mouse progressive ankylosis 
(ANKH) gene, a pyrophosphate transporter, are associated 
with defects of calcification such as craniometaphyseal dys- 
plasia and chodrocalcinosis and ANKH polymorphism has 
been associated with changes in bone mineral density and 
with ankylosing spondylitis (AS). A family-based associa- 
tion analyses of 201 multiplex AS families with nine ANKH 
intragenetic and two flanking microsatellite markers showed 
that two variants located in two different regions of the 
ANKH gene were associated with AS.” Association also 
revealed gender-genotype specificity. Renal stone preva- 
lence is increased in AS patients. Likelihood of renal stone 
formation is also increased with extension of the disease 
duration.”* 


5.3.5 Macromoleculuria 


In addition to small molecules such as citrate and pyrophos- 
phate, crystallization in the kidneys is also modulated by a 
number of macromolecules.° Osteopontin (OPN), Tamm- 
Horsfall protein (THP), bikunin (BK), and urinary prothrom- 
bin fragment-1 are four of the more extensively examined 
crystallization modulators (Table 5.2). OPN is synthesized in 
the kidneys and excreted in the urine at levels sufficient to 
inhibit CaOx crystallization.” Stone formers have been 
reported to excrete less OPN in their urine than the normal 
healthy non-stone forming individuals.” OPN’s role as an 
inhibitor of stone formation was further strengthened by 
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Table 5.2 Crystallization modulating macromolecules, their expression and production in renal epithelial cells under normal conditions as well 


as in response to an exposure to oxalate and CaOx crystals 


Name Role in CaOx crystallization 


and nephrolithiasis 


Other features and functions Expression on Ox 


and CaOx exposure 


Tamm-—Horsfall protein Inhibitor of aggregation Inflammation, renoprotective +,—,+ 
(THP) 
Osteopontin (OPN) Free OPN inhibits crystal nucleation, growth, Calcium binding, renoprotective, + 
aggregation and attachment, immobilized tissue repair and inflammation, 
ON pomeres eat rene Chemoattractant for monocytes/ 
macrophages (M/M) 
Prothrombin fragment-1 Inhibitor of growth, and aggregation Calcium binding, coagulation ay = 
Bikunin (BK) and Inhibitor of nucleation, growth, aggregation Metastasis, tissue repair a 
Inter-c.-Inhibitor and attachment and remodeling 
a-1-microglobulin Inhibitor of crystallization Immunosuppressive, mitogenic + 
CD-44 Promoter of crystal attachment Tissue repair and remodeling + 
Calgranulin Inhibitor of crystal growth and aggregation Calcium binding, tissue remodeling, S 
and inflammation 
Heparan sulfate (HS) Inhibitor of crystal aggregation and attachment Tissue remodeling + 
Osteonectin Calcium binding, tissue remodeling + 
Fibronectin Inhibitor of crystal aggregation, attachment Morphogenesis, wound healing, + 
and endocytosis and metastasis 
Matrix Gla protein Inhibitor of crystal deposition Inhibitor of mineralization + 


Results of tissue culture and animal model. + upregulation, — downregulation, + no change 


observations that experimental induction of hyperoxaluria in 
OPN knockout mice leads to significant deposition of CaOx 
crystals in the kidneys, whereas OPN wild type mice showed 
upregulation of OPN production and were not affected.’ 
Mutations in the genes regulating the synthesis of OPN could 
be a predisposing genetic factor for stone formation. 

Recently an association between kidney stone risk and a 
single nucleotide polymorphism (SNP) of the human OPN 
gene has been reported. The entire human OPN gene of 
Japanese stone patients and matching controls was sequenced, 
haplotype-tagging SNPs searched, and association between 
haplotypes and nephrolithiasis determined.'” Six novel poly- 
morphisms were identified and a significant association was 
found between relative probability of stone formation and 
two haplotypes located in the OPN promoter. Interestingly 
OPN appeared to be dually associated with nephrolithiasis 
risk. One haplotype (T-G-T-G) was associated with reduced 
risk while another (G-T-T-G) one with the increased risk. 
Role of polymorphism in protein production, molecular 
structure, and crystallization inhibition and nephrolithiasis 
risk is not known. The post-translational modifications of 
OPN including phosphorylation, glycosylation, and sulfa- 
tion! appear directly pertinent to stone formation. 
Inhibition of hydroxyapatite crystal growth by OPN was 
markedly reduced after dephosphorylation'’”, and phospho- 
rylation of OPN peptides markedly enhanced the inhibition 
of CaOx crystal growth.'°° 


THP is a kidney-specific protein, synthesized in cells of 
the thick ascending limbs of the loop of Henle. It coats the 
luminal side of the epithelium and is the most abundant pro- 
tein in the human urine (50-100 mg/day). It is consistently 
present in the stone matrix and has high affinity with calctum 
phosphate crystals. An analysis of proteins associated with 
CaOx and CaP crystals experimentally induced in vitro in 
the human urine showed THP as the most abundant protein 
in the matrix of the CaP crystals.'°’ Normal THP is a potent 
inhibitor of CaOx crystal aggregation!" and reduced urinary 
excretion of THP by stone formers has been reported.!” In 
addition, stone formers are shown to produce THP with 
abnormal molecular structure which promotes crystal aggre- 
gation.''° First direct evidence for THP’s involvement in 
stone formation was provided by ablating the murine THP 
gene.''''” Kidneys of 16% of mice lacking THP gene and 
protein production contained intratubular as well as interstitial 
CaP deposits in the medullary and papillary collecting ducts. 
Induction of hypercalciuria and hyperoxaluria by the admin- 
istration of vitamin D, and ethylene glycol, respectively, lead 
to copious crystal deposition in the kidneys of 76% of the 
THP knockout mice. There was no crystal deposition in 
kidneys of the wild-type mice, with or without the excessive 
intake of calcium and oxalate. Ablation of both the THP and 
OPN genes showed spontaneous deposition of CaP crystal 
deposition in 39% of the THP/OPN double knockout mice. 
Induction of hypercalciuria and hyperoxaluria resulted in 
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95% of the mice lacking both OPN and THP to suffer from 
deposition of CaOx crystals in their kidneys.''* These results 
indicate that defects in both THP and OPN may contribute to 
crystallization in the kidneys and stone formation. 

A number of naturally occurring THP mutations have been 
reported and linked to autosomal dominant medullary cystic 
disease and familial juvenile hyperurecemic nephropathy. 
Mutations lead to intracellular trafficking defects, retention 
within the endoplasmic reticulum, and reduction in THP 
secretion and excretion.'!*:'' Renal stone disease has so far 
not been described in patients with any of these mutations. 

Bikunin is the so-called light chain of Inter alpha inhibitor 
(Ial) and related molecules collectively referred to as the Ial 
family." These molecules are normally synthesized in the 
liver and are common in plasma. They are composed of a 
combination of heavy chains, H1 (60 kDa), H2 (70 kDa), H3 
(90 kDa) covalently linked via a chondroitin sulfate bridge to 
bikunin (35—45 kDa). Separate genes located on three differ- 
ent chromosomes encode these chains. Bikunin originates 
from a precursor that also codes for alpha (a)1-microglobulin 
(al-m). The heavy and light chains also exist independently 
as single molecules. IaI (180-240 kDa (kilodalton)) is a het- 
erotrimer consisting of bikunin linked to heavy chains Hland 
H2. Pre-alpha(a)-inhibitor (Pal, 125 kDa) is composed of 
bikunin and heavy chain H3. Both heavy and light chains 
have been identified in the urine. Bikunin isolated from the 
stone patients, contained less sialic acid and exhibited less 
crystallization inhibitory activity than that purified from the 
urine of healthy subjects.''® A significantly higher proportion 
of stone patients had a 25 kDa bikunin in their urine in addi- 
tion to the normal 40 kDa species.''’ Twenty-five kilodalton 
bikunin was similar to the deglycosylated bikunin and was 
less inhibitory. Yet another study found decreased urinary 
excretion of bikunin by stone forming patients.” 

Ial proteins have been shown to inhibit CaOx crystalliza- 
tion in vitro.®®®116-118.119 The inhibitory activity is confined to 
the carboxy terminal of the bikunin fragment of Ial. Both rat 
and human urinary bikunin inhibited nucleation and growth 
of CaOx crystals. Treatment with chondroitinase AC had no 
effect on this inhibitory activity, which was destroyed by 
pronase treatment indicating that the activity lies not with the 
chondroitin chain but with the peptide. Bikunin has also been 
implicated in modulating adhesion of CaOx crystals to the 
renal epithelial cells.” Madin—Darby canine kidney (MDCK) 
cells were exposed in culture to CaOx monohydrate crystals 
in the presence or absence of various protein fractions iso- 
lated from normal human urine. A single fraction with a 
molecular weight of 35 kDa was found to be most inhibitory 
of crystal adhesion. This protein inhibited crystal adhesion at 
the minimum concentration of 10 ng/mL and completely 
blocked it at 200 ng/mL. Amino acid sequence of the first 20 
amino acids of the N-terminal was structurally homologous 
with bikunin. 


Alpha ()1-microglobulin (a1-m) is also an inhibitor of 
CaOx crystallization in vitro.'*! Alpha 1-m was isolated from 
human urine. Two species of 30 and 60 kDa, recognized by the 
antibody against al-m, were isolated. Both inhibited CaOx 
crystallization in a dose-dependent manner. Using an ELISA 
assay, urinary concentration of al-m was found to be signifi- 
cantly lower in 31 CaOx stone formers than in 18 healthy sub- 
jects (2.95 + 0.29 vs 5.34 + 1.08 mg/L, respectively, P = 0.01). 
As mentioned previously, genes at three different chromo- 
somes are involved in encoding for various IaI-related pro- 
teins. The alpha-1-microglobulin/bikunin precursor gene that 
encodes for both bikunin and a1-m is regulated by a number 
of transcription factors. Mutations in any of the genes may 
produce structural and secretory variations seen in the kidney 
stone formers. 


5.4 Extrinsic Factors: Renal Injury 
and Cellular Dysfunction 


The kidneys, during performance of their normal duties, are 
challenged by substances and circumstances, which alter cel- 
lular functions, injure the cells, and may lead to cell death 
and degradation. Both clinical and animal model studies 
have provided evidence for the association between hyperox- 
aluria, crystal deposition in the kidneys, and renal dysfunc- 
tion and injury. Abnormal renal cellular functions and cell 
death have an enormous impact upon crystal nucleation, 
growth, aggregation, and retention within the kidneys with 
obvious repercussions for kidney stone formation. 


5.4.1 Clinical Studies 


Calcium oxalate crystals have been observed in the kidneys of 
patients with a variety of hyperoxaluria-inducing disorders. 
Hyperoxaluria is caused either by overproduction or intestinal 
overabsorption of oxalate. -The three main types of hyper- 
oxaluria are (1) primary hyperoxaluria, (2) enteric hyperox- 
aluria (EH), and (3) idiopathic or mild hyperoxaluria. 
Primary hyperoxaluria (PH), in which oxalate is overpro- 
duced because of disturbances in the oxalate biosynthetic 
pathway, is rare. PH is an inherited disorder of glyoxylate 
metabolism characterized by the overproduction of oxalate 
(>200 mg/day [2.2 mmol/day]) and glycolate. Recent studies 
have estimated PH incidence of 1-2.7% in children with end- 
stage renal disease. In most patients, PH leads to chronic renal 
failure in mid to late childhood or early adulthood. However, 
in some the disease is more aggressive resulting in metabolic 
acidosis, nephrocalcinosis, end-stage renal disease, and death 
by the age of 1. Increased oxalate production after the onset of 
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renal failure leads to systemic oxalosis. At this time, CaOx 
crystal deposits are seen in all parts of the kidneys including 
the interstitium and the cortex, and in all segments of the 
nephron including the proximal tubules.'** Renal biopsies 
from patients with primary hyperoxaluria regularly demon- 
strate crystals within tubular epithelial cells as well as intersti- 
tium.'** Crystal deposition is associated with cell proliferation, 
the formation of multinucleated giant cells, as well as vascular 
and interstitial inflammation. 

Enteric hyperoxaluria (EH), characterized by severe 
hyperoxaluria (= 80 mg/day [0.88 mmol/day]), is due to 
enhanced absorption of oxalate secondary to gastrointestinal 
problems such as diarrhea, cystic fibrosis, irritable bowel 
syndrome, colitis or ileal resection, jejuno-ileal bypass or 
Roux-n-Y gastric bypass surgery for obesity.” EH 
accounts for 5% of all cases of hyperoxaluria and their num- 
bers appear to be increasing because of obesity-related com- 
plications and surgeries. Obesity is one of the major public 
health problems in the USA and nearly 20% of the US popu- 
lation can now be described as obese (body mass index 
(BMI) > 30 kg/m?).'*' Above all, the population of morbidly 
obese (BMI > 40kg/m’) is growing at an alarming rate and 
has grown 80% since 1988.'** Comorbidities associated with 
morbid obesity include type II diabetes, hypertension, sleep 
apnea, hyperlipidemia, cardiovascular diseases, and osteoar- 
thritis.'*° In the absence of effective therapy for sustainable 
weight loss, an increasing number of patients are choosing 
bariatric surgeries such as Roux-n-Y gastric bypass surgery. 
Such bariatric surgeries increased more than fivefold from 
1998 to 2000.'*° Hyperoxaluria is a potential complicating 
factor for modern bariatric surgeries.” Results of a recent 
study showed mean urinary oxalate excretion of 83 mg/day 
(0.92 mmol/day) by the patients treated with modern bariat- 
ric surgeries compared to 39 mg/day (0.43 mmol/day) for 
idiopathic stone formers and 34 mg/day (0.38 mmol/day) for 
normal subjects. Renal biopsies from patients with 
increased urinary excretion of oxalate secondary to enteric 
hyperoxaluria, such as Crohn’s disease and after an intestinal 
bypass demonstrate crystals within the kidneys.!**'*° 

Idiopathic or mild hyperoxaluria (40 mg/day (0.44 mmol/ 
day)) is most common and is seen in the patients with idio- 
pathic CaOx urolithiasis. Higher than normal levels of renal 
enzymes, gamma (y)-glutamyl transpeptidase (GGTP), 
angiotensin 1 converting enzyme (ACE), beta (B)-galactosi- 
dase (GAL), and N-acetyl-beta (f)-glucosaminidase (NAG) 
were found in the urine of idiopathic CaOx stone formers.'*! 
Since elevation of these enzymes in the urine is considered 
an indication of renal proximal tubular injury, it was con- 
cluded that the stone patients had damaged renal tubules. 
Results of recent studies also describe CaOx kidney stone 
patients to be under oxidative stress'**'*? and renal injury. 
Urine from stone patients had increased NAG and signifi- 
cantly higher alpha (a)-glutathione S-transferase (a-GST), 


malondialdehyde (MDA), and thiobarbituric acid-reactive 
substances (TBARS), indicating that CaOx kidney stone- 
associated renal injury is most likely caused by the produc- 
tion of reactive oxygen species (ROS). 


5.4.2 Animal Model Studies 


Experimental CaOx crystal deposition in the kidneys or 
nephrolithiasis can be induced by the administration of 
hyperoxaluria-causing agents such as sodium oxalate, ammo- 
nium oxalate (AOx), ethylene glycol (EG), or hydroxy-L- 
proline (HLP).”'**°! We have studied many aspects of 
urolithiasis in male and female Sprague-Dawley rats.'°?'** 
Kidneys of nephrolithic rats show the deposition of CaOx 
crystals in renal calyces and at papillary tips. Many deposits 
are located subepithelially and often anchored to the base- 
ment membrane.”'**:"° These deposits formed in the terminal 
papillary collecting ducts appear as nodules on papillary surface 
(Fig. 5.2). Covering epithelium appears stretched. Disruption 
of the surface epithelium appears to expose the underlying 
crystals and lead to the development of stone nidus as a type 
2 Randall’s plaque.'*°'*7'** Crystal deposition provoked 
inflammatory response. Ultrastructural examination of the 
kidneys revealed damage to the epithelial cells lining the renal 
tubules, which contained crystals. In addition there was intra- 
cellular edema, widened intercellular spaces, and many cells 
contained dividing nuclei. The clubbing of microvilli and 
focal loss of brush border distorted the luminal cell surfaces. 
Cells often appeared to have burst open and released their 
contents into the tubular lumen. Evidence has also been pro- 
vided for apoptotic cell death of the tubular epithelial cells in 
the presence of high oxalate and CaOx crystals.'*° 

The earliest noticeable changes were detected in cells of 
the proximal tubules, which appeared more sensitive to 
hyperoxaluria. This injury resulted in death and detachment 
of many epithelial cells, thus resulting in exposure of the 
basal lamina. Most crystals were intraluminal and invariably 
associated with cellular degradation products, indicating the 
possibility of membrane-induced nucleation of CaOx crystals. 
Crystal deposition was associated with the migration of 
inflammatory cells such as monocytes, macrophages, and 
polymorphonuclear leukocytes to the adjacent interstitium. 
In addition, interstitial crystals were often seen surrounded 
by macrophages and giant cells. !5!!57 

Our study, in which kidneys were examined at different 
times after sodium oxalate injection induced acute hyperox- 
aluria, showed that crystals appeared first in the tubular lumen, 
then moved to inter- and intracellular locations and eventually 
into the interstitium. After a few weeks time interstitial crys- 
tals disappeared indicating the existence of a removal mecha- 
nism.'~° Other studies also showed that, in experimental CaOx 
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Fig.5.2 Calcium oxalate deposition in kidneys of male rats made hyper- 
oxaluric by the feeding hydroxy]-L-proline with rat chow. (a) Birefringent 
calcium oxalate crystals present in papillary collecting ducts. Subepithelial 
deposits are formed by crystal retention within the tubules. A layer of 
crystals appears attached to the basal lamina. Crystal deposition results in 


nephrolithiasis, crystals form in the tubular lumen and even- 
tually move into the interstitium causing inflammation and 
attracting many inflammatory cells including leukocytes, 
monocytes, and macrophages.’*'® Multinucleated giant 
cells were also identified in the interstitium (Fig. 5.2). The 
interstitial infiltrate around crystals may play an important 
role in renal tissue damage through the production of 
proteolytic enzymes, cytokines, and chemokines.!°!:'” The 
mechanism by which the inflammatory cells enter the renal 
interstitium of the hyperoxaluric rats is not known, but it is 
likely that chemotactic factors and adhesion molecules are 
involved. Products of interaction between renal tubular cells 
and Ox or CaOx crystals under hyperoxaluric conditions 
might play an important role in the attraction and accumula- 
tion of infiltrating inflammatory cells. 


5.4.3 Renal Cell Injury and Crystal Nucleation 


CaP and CaOx crystalluria is widespread, an indication that 
human urine is often sufficiently supersaturated with respect 
to these salts for their nucleation and adequate growth.'” 
But such crystalluria is temporary and crystals are mostly small 
and single. Stone formers on the other hand produce large 
and aggregated crystals. Studies performed in vivo in animal 
models have shown that renal epithelial injury promotes crys- 
tallization of calcific crystals, which are continuously excreted 
in the urine and excreted crystals are large aggregates.” Both 
urinary as well as renal CaOx crystals are seen associated with 
cellular degradation products.”:'*'°° Factors that cause renal 
epithelial injury and shedding of membranes into the urine 


inflammatory response. Crystals become exposed by disruption of the 
surface epithelium leading to the formation of the Type 2 Randall’s 
plaque. (b) SEM of an area similar to that illustrated in (a). Surface epi- 
thelium is stretched. Cells are separating along the intercellular junctions 
exposing the underlying crystals (Modified from”, p. 914) 


promote crystallization in conditions that normally would not 
support it. When rats were made hyperoxaluric in the presence 
or absence of membrane shedding, those rats who had mem- 
brane vesicles in their urine quickly produced crystal deposits 
in their kidneys and crystal aggregates in their urine.'* Cell 
degradation following renal epithelial injury produces numer- 
ous membrane vesicles, which act as substrates for heteroge- 
neous nucleation. Interestingly, membranes of injured but intact 
cells also have the capacity to nucleate CaOx crystals.'° Such 
direct nucleation on cell surfaces can also promote crystal 
retention within the tubules.'® 

Membrane vesicles isolated from renal epithelial cells have 
been shown in vitro to be good nucleators (Fig. 5.3) of both 
CaP and CaOx crystals! and eventually become incorpo- 
rated in the matrix of the calcified products. Membranes and 
their lipids have also been implicated in other crystal deposi- 
tion diseases.'® The organic matrix of kidney stones contains 
both membrane vesicles and lipids. Lipids isolated from 
the kidney stone matrix promote the nucleation of CaOx 
crystals.!!:!°7 


5.4.4 Renal Cell Injury and Crystal Retention 


Humans normally relieve urinary supersaturation by produc- 
ing and excreting small crystals, perhaps the reason for 
rarity of stone disease in the presence of continuous urinary 
supersaturation with respect to many sparingly soluble 
salts. Crystals even when they form in the renal tubules are 
generally small (Fig. 5.4a) and move with the urine to be 
eventually excreted. The formation of kidney stones 
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Fig. 5.3 Nucleation of CaOx 
crystals. Brush border membrane 
was isolated from the tubules of 
normal rat kidneys and incubated 
in vitro in a metastable solution 
of CaOx. Crystals were isolated 
and examined. (a) SEM showing 
plate-like crystals of CaOx 
monohydrate associated with the 
substrate. (b) TEM of crystal 
aggregate showing an association 
between the membrane vesicles 
and CaOx crystal ghosts. 
Crystals are arranged as a 

rosette around a central 
nucleation site (N) 


19613 


Z20KU 


requires crystals to not only form within the kidneys but to 
stay there and grow. Crystal retention within kidneys can be 
accomplished by: 


1. Formation in the renal interstitium or relocating there 
(Fig. 5.4b) 

2. Attachment to the renal epithelial cells after crystal for- 
mation in the renal tubules (Fig. 5.4c) 

3. Not moving with the urinary flow and growing large 
enough to be trapped 

4. Aggregating with other crystals and thus accreting mass 
(Fig. 5.4d) 


5.4.4.1 Crystal Formation in the Interstitium 


Based on the concentration profile of calcium and oxalate in 
the urine, tubular fluid, and renal tissue, it was suggested that 
interstitium of the inner medulla had the highest Ox concen- 
tration and the best chance of being the primary nucleation 
site for CaOx.*! In the absence of any convective flow in the 
interstitium, the crystals had unlimited time to grow and 
develop into a kidney stone. However, CaOx crystals have 
not been reported in the renal interstitium of idiopathic stone 
patients.'' Even when hyperoxaluria is experimentally 
induced in an animal, deposition of CaOx crystals begins in 
the renal tubular lumen.®™*#14-!47170 CaOx crystals can, how- 
ever, migrate from tubular location to the interstitium’'*’ as 
illustrated in Fig. 5.4b. 

Calcium phosphate crystals are frequently seen in the 
human renal interstitium.'*'°* They are most probably 
formed as a result of renal cellular dysfunction or pathology 
and when ulcerated to the papillary surface support stone 
formation. 


5.4.4.2 Crystal Attachment to Renal Epithelium 


Animal model and tissue culture studies have provided the evi- 
dence for crystal retention within the kidneys by attachment to 
renal epithelial cells (Fig. 5.4c). Experimental induction of CaOx 
nephrolithiasis starts with hyperoxaluria followed by crystalluria 
and crystal deposition in the kidney.“ Hyperoxaluria alone 
triggers increased urinary excretion of enzymes such as N-acetyl- 
B(beta)-glucosaminidase, y(gamma)-glutamyl transpeptidase, 
and alkaline phosphatase, indicating epithelial injury.'*? Crystal 
deposition is associated with overt injury as indicated by cellular 
death and degradation. Morphological injury appears to be 
mostly confined to the epithelium of crystal-containing renal 
tubules.” The degree of renal injury and the amount of crystal 
buildup are dependent upon the intensity and length of hyperox- 
aluria. Interestingly, human stone formers with mild hyperox- 
aluric display enzymuria of proximal tubular origin.'*! 

Further support for crystal adherence to injured epithelia 
comes from studies with epithelial lining of the rat bladder.'”' 
Exposure of the bladder epithelium, after removal of surface 
glycosaminoglycans by triton X100 or hydrochloric acid, to 
CaOx crystals promoted their adherence to the exposed sur- 
faces. Since heparin treatment reduced crystal attachment to 
the injured epithelium it was concluded that sulfated moieties 
were involved in crystal adherence. 

Tissue culture studies provided evidence not only for the 
crystal adherence to the renal epithelium but also the possible 
mechanisms involved. When primary cultures of inner medul- 
lary collecting duct cells were exposed to crystals of CaOx, uric 
acid, or hydroxyapatite, crystals preferentially adhered to cells 
with impaired tight junctions.'” It was concluded that crystals 
adhered to basolateral components, which moved to the cell sur- 
face after damage to the tight junctions. Recently, similar con- 
clusions were made when MDCK-1 cell monolayers were first 
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Fig. 5.4 Crystal retention within 
the kidneys. Hyperoxaluria was 
induced in male Sprague-Dawley 
rats by intraperitoneal adminis- 
tration of oxalate. (a) A CaOx 
dihydrate crystal appears to be 
moving freely in the renal tubule. 
(b) CaOx monohydrate crystals 
are present in the papillary renal 
interstitium and are associated 
with fibrous and cellular 
material. (c) Plate-like crystals of 
calcium oxalate monohydrate 
appear attached to renal 
epithelium (arrow). They may 
have actually nucleated on the 
cell surface. (d) CaOx crystals 
have blocked the tubular lumen 
by aggregation and becoming 
entangled in slender projections 
(arrow) of the microvillous brush 
border (Modified from Khan SR, 
Finlayson B, Hackett RL. 
Scanning electron microscopy of 
calcium oxalate crystal formation 
in experimental nephrolithiasis. 
Lab Invest 1979, 41: 504) 
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physically injured by removal of a strip of cells and then exposed 
to CaOx crystals. Crystals specifically adhered to residues on 
the growth substrate and surfaces of injured and regenerating 
cells. It was concluded that both mature and immature cell 
surfaces express crystal binding molecules, but while they are 
available on surfaces of immature cells, in mature cells these 
molecules become available only after injury.” These results 
strongly support the suggestions that epithelial damage pro- 
motes crystal adherence to the renal epithelium. 


It is hypothesized that a regenerating/dedifferentiated tubular 
epithelium — characterized by luminal expression of crystal 
binding molecules (annexin-2 [ANX2], nucleolin-related- 
protein [NRP], hyaluronan [HA], and OPN) — plays an impor- 
tantroleinthedevelopmentofintratubularnephrocalcinosis.'”*"'”° 
Molecules, which become available on cell surfaces on expo- 
sure to high Ox and CaOx crystals include phosphatidylserine, 
CD44, OPN, and HA."**!’7-!” All have been shown to promote 
crystal adherence to renal epithelial cell surfaces. 
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5.4.4.3 Crystals Not Travelling with the Urinary Flow 


It is assumed that urinary flow through the renal tubules is 
laminar, in which case the flow velocity should be very small 
near the epithelium and may even be zero at the epithelium. 
Thus crystals near the epithelial surface would be travelling, 
if at all, at a much slower speed.'*° Crystal movement can 
also be influenced by their morphology because of the Stokes 
drag. Calcium oxalate crystallizes both as CaOx monohy- 
drate and dihydrate, which have different morphologies, and 
thus have different magnitudes of drag. Even the spherulitic 
form of calcium oxalate monohydrate is not a compact unit. 
Urine trapped between the crystallites would put a drag on 
crystal movement. Gravity will also have an effect upon par- 
ticles travelling upward. There is also the possibility that 
urinary flow through the renal tubules is not laminar because 
urine in the papillary collecting ducts is suggested to move as 
discreet boluses and is propelled by peristaltic waves that 
occur at regular time intervals. 

In animal models of nephrolithiasis, crystals preferentially 
deposit at cortico-medullary junctions where loops meet 
proximal tubules, in collecting ducts near renal fornices, and 
at papillary tips, where there is a change in luminal diameter 
of the renal tubules.*'”° In the cortico-medullary junction area 
proximal tubules with wider luminal diameter meet slightly 
narrower thin loops of Henle. Distal tubules and collecting 
ducts have acute 70° angles and z-bends in renal fornices 
at the papillary base. Openings of the 60-100 um diameter 
ducts of Bellini at the renal papillary tip are slit like and only 
7-23 um wide. At these sites, changing luminal diameter 
would disturb the urinary flow and impede the movement of 
crystals. Perhaps these architectural characteristics of the 
mammalian kidneys play a role in the development of human 
stones on renal papillary tips and in the lower calices and for- 
nices of the kidneys. 

Thus it is theoretically possible for crystals to be retained 
by their size alone, but to date single crystals larger than 
10-12 um have not been reported from either kidneys or 
urine of humans or rats. Five- to ten-micrometer crystals 
have been seen attached to the renal epithelium of hyperox- 
aluric rats. It is possible that as a result of fluid or particle 
drag close to the tubule wall, crystal/cell contact is increased, 
facilitating both physiological and pathological responses of 
cells to the presence of crystals. This prolonged contact may 
actually promote crystal adherence to the renal epithelium. 


5.4.4.4 Crystal Aggregation 


All models of CaOx nephrolithiasis concede that crystal aggre- 
gation is probably involved in crystal retention within the kid- 
neys since aggregation of crystals can have a considerable 
effect on the particle size (Fig. 5.4d) and aggregated crystals 


are commonly found in urine and stones. Although CaOx 
crystalluria is common in both stone formers and healthy peo- 
ple, stone formers excrete more crystal aggregates.*'*! When 
precipitation is induced, urine from stone formers produces 
larger crystal aggregates. Stone formers’ urine is less inhibi- 
tory of crystal aggregation, and reduction in aggregation inhi- 
bition is proportional to severity of stone disease. 

Animal model studies have shown that production of cer- 
tain crystallization modulators, such as osteopontin and 
bikunin, is increased in kidneys with CaOx crystal deposits 
and become incorporated in the growing deposits. 
Ultrastructural examination of crystal aggregates in the kid- 
neys, as well as urine, displays membranous cellular material 
closely associated with the crystals.'''? It is our understanding 
that cell debris, formed as a result of exposure to high concen- 
tration of Ox and CaOx crystals, collects with the crystals 
resulting in the formation of larger particles. Membrane lipids 
with properly aligned calcium binding head groups bridge 
crystals together and promote crystal aggregation. 


5.4.5 Renal Cell Injury, Crystallization 
Modulators, Inflammation, and Fibrosis 


When renal epithelial cells are exposed to oxalate ions and 
CaOx or CaP crystals, whether in vitro in cell culture or 
in vivo in animal models, there is an increase in gene expression 
and production of several urinary macromolecules (Table 5.2), 
which modulate the nucleation, growth, aggregation, and 
retention of crystals in the kidneys.*° Some of them, such as 
OPN, have specific domains to interact with cell membranes, 
which may facilitate immobilization and promotion of crystal 
attachment. Almost all of the modulators are produced by the 
kidneys and excreted in the urine. Many signaling molecules — 
such as protein kinase C (PKC), c-Jun N-terminal kinase 
(JNK), and p38 mitogen-activated protein kinase (MAPK), and 
transcription factors such as NF-«B and activated protein-1 
(AP-1) — involved in the expression and production of mac- 
romolecules are activated by reactive oxygen species 
(ROS).'*'** ROS are produced when renal epithelial cells are 
exposed to Ox and/or CaOx crystals. Exposure to excessive 
Ox and CaOx crystals produces more ROS than can be dealt 
with by endogenous antioxidant defenses, thus inducing oxi- 
dative stress in the kidneys resulting in renal injury, inflam- 
mation, and fibrosis. 


5.4.5.1 Animal Model Studies 


CaOx crystal deposition in the rat kidneys increases the 
expression of THP'%!%, OPN'*8!78, ToT,'?!°3 prothrombin 
fragment-1 (PT)!*’, and heparan sulfate (HS)'° as determined 
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by immunocytochemical localization using specific antibod- 
ies (Table 5.2). Other studies, however, have shown either a 
decrease'** or an increase'*’ in THP expression and produc- 
tion. Production and urinary excretion of OPN'*!78, PT, 
various Ial-related proteins,!®!®, and HS'*° are substantially 
increased as determined by the detection of their specific 
mRNAs using in situ hybridization and/or reverse transcrip- 
tion polymerase chain reaction. The upregulated macromol- 
ecules play significant roles in inflammatory process. "°! 
HS regulates extracellular matrix production. Bikunin, a 
constituent of Ial, is a proteinase inhibitor. Acute inflamma- 
tory conditions are known to up- or downregulate transcrip- 
tion of Ial genes. Bikunin is associated with inflammation 
and stabilizes the extracellular matrix.'”*!°* THP is seen in 
the renal interstitium in several forms of tubulointerstitial 
diseases. Interestingly, inactivating the THP gene in mouse 
embryonic stem cells results in spontaneous formation of 
calcium oxalate crystals in adult kidneys.''! The administra- 
tion of THP is shown to produce interstitial inflammation 
and scarring. It can activate alternate pathways, interact with 
neutrofils, and bind to certain cytokines. Prothrombin is the 
precursor of thrombin and fragments | and 2. Thrombin is 
involved in platelet aggregation and blood coagulation and 
plays a major role in the recruitment and activation of infil- 
trating immune cells. 

Several studies have provided evidence for the activation 
of renin-angiotensin system (RAS) during the development 
of tubulointerstitial lesions of CaOx crystals.!°?'0°!% 
Reduction of angiotensin production by inhibiting the angio- 
tensin converting enzyme as well as blocking the angiotensin 
receptor reduced crystal deposition and ameliorated the asso- 
ciated inflammatory response. We have shown that CaOx 
crystal deposition in rat kidneys activates the (RAS, increases 
renin expression in the kidneys and serum, and regulates 
OPN production.'”° 

As mentioned previously, renal CaOx crystal deposits are 
associated with tubulointerstitial inflammation not only in 
the patients with primary and enteric hyperoxaluria but also 
in hyperoxaluric rats.'?' Multinucleated giant cells and ED1 
positive cells are seen in the renal interstitium of hyperoxalu- 
ric patients. We investigated the production of monocyte 
chemoattractant protein-1 (MCP-1) by the kidneys of hyper- 
oxaluric rats using immunohistochemical staining with a 
rabbit anti-rat MCP-1 antibody. MCP-1 is a key regulator of 
the inflammatory response known to attract cells of the 
inflammatory cascade such as monocytes. Cells of crystal- 
containing tubules stained positive for MCP-1. In addition, 
after 8 weeks on a hyperoxaluric diet, male Sprague-Dawley 
rats excreted higher amounts of arachidonic acid and prosta- 
glandin E2 than the normal controls. Metabolites of arachi- 
donic acid such as prostaglandins are known chemical 
mediators of inflammation. 


Osteopontin is not only a modulator of crystallization but 
also a monocyte chemoattractant, specifically for the renal 
interstitium, and upregulation of osteopontin precedes intersti- 
tial monocyte infiltration.'°”'°* Osteopontin knockout studies 
demonstrated a reduced influx of macrophages into obstructed 
kidneys of knockout mice compared to wild-type mice at day 
4 and 7 but not at day 14. It was concluded that osteopontin 
mediated early interstitial macrophage influx.” Ethylene gly- 
col administration to OPN knockout mice resulted in intratu- 
bular deposition of CaOx while there was no deposition in the 
wild-type mice given the same treatment.'°! 

CaOx crystals have been seen in the renal interstitium of 
hyperoxaluric rats inside the macrophages.'*’ The interstitial 
crystals eventually disappear.’ We have suggested that crys- 
tals formed in the renal tubules migrate to the renal intersti- 
tium by being endocytosed at the luminal side and exocytosed 
at the basolateral.'’* We have shown that both luminal as well 
as basolateral exposure to crystals leads to production and 
secretion of the chemottractants: OPN and MCP-1.'” The 
macrophages engulf and break down the crystals. 


5.4.5.2 Tissue Culture Studies 


The response of renal epithelial cells to COM crystals is 
characterized by increased expression of specific genes that 
encode (1) transcriptional activator such as early growth 
response-1, c-myc, Nur-77, and c-jun; (2) regulator of the 
extracellular matrix composition, the fast-acting plasminogen 
activator inhibitor-1; and (3) growth factors that could stimu- 
late fibroblast proliferation in a paracrine manner such as 
platelet-derived growth factor-A chain, a connective tissue 
growth factor.” Exposure to CaOx crystals increased osteo- 
pontin mRNA and stimulated MDCK and BSC-1 cells to 
produce osteopontin.! The bikunin gene was also expressed 
and bikunin produced when MDCK cells were exposed to 
oxalate.*"! 

Since CaOx crystal deposition in human and rat kidneys 
is associated with the migration of monocytes/macrophages 
(M/M) into the interstitium, we hypothesized that, in response 
to crystal exposure, renal epithelial cells produce chemok- 
ines, which attract the M/M to the sites of crystal deposi- 
tion.” We investigated the expression of MCP-1 mRNA 
and protein by NRK52E rat renal tubular epithelial cells 
exposed to CaOx crystals. Confluent cultures of NRK52E 
cells were exposed to CaOx at a concentration of 250 g/mL 
(66.7 g/cm’). They were exposed for 1, 3, 6, 12, 24 and 48 h 
for isolation of mRNA and 24 h for ELISA to determine the 
secretion of protein into the culture medium. Because cells 
are known to produce free radicals on exposure to CaOx 
crystals, we also investigated the effect of free radical scav- 
enger, catalase on the crystal-induced expression of MCP-1 
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mRNA and protein. Exposure of NRK52E cells to the crystals 
resulted in increased expression of MCP-1 mRNA and pro- 
duction of the chemoattractant.” Treatment with catalase 
had a negative effect on the increased expression of both 
MCP-1 mRNA and protein, which indicates the involvement 
of free radicals in upregulation of MCP-1 production. Results 
indicate that MCP-1, which is often associated with localized 
inflammation’, may be one of the chemokine mediators 
associated with the deposition of various urinary crystals in 
the kidneys. 


5.4.6 Shock Wave Lithotripsy 
and Cellular Dysfunction 


Shock wave lithotripsy (SWL) is the treatment of choice for 
most kidney stones. However, from its inception treatment 
has been demonstrated to cause renal injury. Studies in 
humans”? and animal models such as dog,7°773 rat?3214215, 
rabbit”'**!’, and pig?!” all have shown that treatment causes 
extensive renal damage, particularly to the blood vessels. 
Animal model studies have shown that damage to the renal 
tubules ranges from total tubular destruction to focal cellular 
fragmentation, necrosis, cell vacuolarization, and membrane 
blebbing.”!??'* 

A likely cause for SWL-induced renal injury might be 
cavitation, the growth and collapse of bubbles in small blood 
vessels and tubules exposed to tensile stresses; and cavitation- 
generated free radicals.” Clinical as well as experimental 
studies have suggested that renal ischemia with free radical 
formation may be an important factor in SWL-induced renal 
injury; and that certain medications and antioxidants may 
protect the kidney from shock wave-induced renal damage, 
and that renal injury may be reduced by administration of free 
radical scavengers prior to SWL treatment. '1°774795.27-233 

Even though morphological and functional damage is 
generally considered transient, results of a number of inves- 
tigations suggest new onset hypertension and diabetes as 
long-term complications of the SWL treatment.****"° Other 
studies indicate that multiple lithotripsies may also exacer- 
bate stone disease. Over the past 30 years there has been an 
increase in the number of calcium phosphate contents of the 
stones as well as the calcium phosphate stones.?'' In fact, 
calcium oxalate stone formers have transitioned into brushite 
stone formers.™! An analysis of the clinical data showed that 
calcium phosphate stone formers received more SWL treat- 
ments than patients with other types of stones. It is suggested 
that SWL treatment may alter the normal physiology of col- 
lecting ducts resulting in increased urinary pH, calcium 
phosphate supersaturation, and crystallization of calcium 
phosphate rather than calcium oxalate. 


5.5 Signaling Pathways 


When CaOx or CaP crystals come in contact with renal epi- 
thelial cells their response is both morphological as well as 
biochemical. Cells send slender finger-like projections to 
probe the crystal surface (Fig. 5.5). These extensions are 
similar to microvilli but are much longer and more numerous 
than short stubby microvilli of the cells not in contact with 
the crystals.'°’"""43 Cilia present on the cell surfaces also 
appear to be involved. Interestingly, the primary cilium is 
considered a sensory organelle that relays information about 
extracellular environment.“ After initial contact with the 
surface projections, cells grow over the crystals and/or endo- 
cytose them (Fig. 5.5). Crystals have been seen, inside the 
cells, in the intercellular spaces as well as under the base- 
ment membrane. These observations have been made both 
in vitro in cell culture as well as in vivo in animal models. 
The movement of crystals into the cells and interstitium is 
considered a protective cell response. Endocytosed crystals 


Fig. 5.5 Crystal—cell interaction in culture. MDCK cells were exposed 
in culture to CaOx monohydrate crystals and examined by scanning 
(SEM) and transmission electron microscopy (TEM). (a) SEM of 
MDCK cells exposed to CaOx monohydrate crystals. Crystals are being 
endocytosed. Slender projection and cilia appear in contact with the 
crystals (arrows). (b) TEM of MDCK cell endocytosing the CaOx crys- 
tal, which appears as crystal ghost (Modified from'’, p. S457) 


76 


S.R. Khan 


are suggested to be degraded inside the lysosomes. Crystals 
pushed into the interstitium become surrounded with the 
macrophages, and have been seen inside the giant cells.'*” 
Long-term studies in animal models have also shown that 
experimentally induced renal crystals seen inside cells and 
interstitium eventually disappear. 

Cell exposure to oxalate and/or CaOx or apatitic CaP 
crystals leads to increased gene expression and production of 
a variety of macromolecules involved in tissue remodeling, 
inflammation, and biomineralization. We have shown that 
renal tubular epithelial cells are stimulated by the exposures 
to produce prostaglandin E2 (PGE2), monocyte chemoat- 
tractant protein-1 (MCP-1), and osteopontin (OPN).'?!'” 
These molecules are involved in crystal-induced inflamma- 
tion in various organs including kidneys. In experimentally 
induced CaOx crystal deposition in the kidneys, monocytes 
and macrophages move to the sites of crystal deposition. 
Osteopontin also plays a key role in biomineralization, includ- 
ing kidney stone formation where it modulates crystal nucle- 
ation, growth, aggregation, and retention within the renal 
tubules.**°“° Exposure of NRK52E cells to the crystals results 
in increased expression of OPN as well as MCP-1 mRNA and 
production of the macromolecules.” Treatment with anti- 
oxidants and free radical scavengers significantly reduces the 
increased expression of both the mRNA and protein, indicating 
the involvement of reactive oxygen species in upregulation of 
OPN and MCP-1! production. 

Interestingly, an exposure to high Ox and CaOx crystals is 
also injurious, and injury is associated with the development 
of oxidative stress, a condition in which either the endoge- 
nous antioxidant defenses are depleted or more reactive oxy- 
gen species (ROS) such as superoxide and H,O, are produced 
than can be dealt with. This oxidative stress initiates a cas- 
cade of events culminating in renal pathology and the pro- 
duction of reactive oxygen species.'**4"*” The generation 
of large amounts of free radicals plays a major role in tissue 
injury since ROS can damage a variety of macromolecules 
such as DNA, lipids, proteins, and carbohydrates.'**°° There 
is, however, compelling evidence that under stress ROS- 
initiated signals activate protective and repair mechanisms. 
Furthermore, redox signaling is also considered a part of 
normal metabolism in non-stressed cells, and regulated gen- 
eration of low concentrations of oxygen radicals, however, 
represent a second messenger system for generation of 
cytokines involved in tissue injury and repair in general.'™ 
We have proposed that oxygen radicals serve as a second 
messenger system for oxalate and crystal-induced activation 
of the genes.”*! 

ROS activate signaling molecules such as protein kinase 
C (PKC), c-Jun N-terminal kinase (JNK), and p38 mitogen- 
activated protein kinase (MAPK), and transcription factors 
such as NF-i«B and activated protein-1 (AP-1). Activation of 
these molecules leads to upregulation of genes and proteins 


such as MCP-1, OPN, fibronectin, and transforming growth 
factor (TGF)-B(beta)1. Recently, it has been shown that 
CaOx crystals selectively activate p38 MAPK signal trans- 
duction pathways.’ In addition, p38 MAPK is essential 
for re-initiation of the induced DNA synthesis. Oxalate expo- 
sure also causes modest activation of JNK as determined by 
c-Jun phosphorylation. Apparently, the renal epithelial 
response to CaOx oxalate involves signal transduction via 
MAP kinases, similar to the cellular responses to many other 
challenges. Cytosolic phospholipase A, (cPLA,) is released 
upon the activation of MAP kinases and translocated to the 
cell membrane. cPLA, preferentially hydrolyses arachi- 
donoyl phospholipids generating a number of byproducts 
including arachidonic acid and lysophospholipids. Exposure 
of MDCK cells to oxalate produced a time- and concentra- 
tion-dependent increase in cPLA, activity.’ Inhibition of 
cPLA, activity blocked ceramide production and the oxalate- 
induced upregulation of Egr-1, c-jun, and c-myc genes. 
Exposure of MDCK cells to oxalate also increased the gen- 
eration of ceramide, another signaling lipid, most probably 
through the activation of neutral sphingomyelinase. 
Mitochondria have been shown to be a source of free radi- 
cals and ROS.” However, the possibility of other sources 
cannot be ruled out. NADPH oxidase is also a major source 
of ROS in the kidney’ and may be involved in generation 
of ROS by renal epithelial cells exposed to CaOx crystals. 
We have shown a reduction in oxalate-induced injury of 
NRKS2E cells in the presence of diphenyleneiodonium 
(DPI) chloride, an NADPH oxidase inhibitor.>° NADPH 
oxidase is a major source of ROS in the presence of 
Angiotensin II.” Angiotensin II is implicated in causing 
oxidative stress by stimulating membrane bound NAD(P)H 
oxidase leading to increased generation of superoxide.” A 
significant reduction in hyperoxaluria-induced production of 
renal lipid peroxides after administration of AT 1 receptor 
blockers'®'° or ACE inhibitors!’ was seen in hyperoxaluric 
rats. In addition, these treatments produced a reduction in 
TGF-B (beta) expression in the kidneys. TGF-B has been 
shown to participate in ROS production through the activa- 
tion of NADPH oxidase. Similarly Ox-induced generation of 
ROS in LLC-PK1 cells was associated with increased pro- 
duction of TGF-B,, which was significantly reduced by treat- 
ment with neutralizing TGF-B antibodies.” The catalytic 
core of NADPH oxidase is gp91’™ that contains two hemes 
in the N-terminal transmembrane region and NADPH- 
binding and FAD-binding domains in the C-terminal cyto- 
plasmic region. Electrons are transported from NADPH via 
FAD and two hemes to molecular oxygen. The gp95’"™ is 
complexed with p22" to form a flavocytochrome b, com- 
plex, and constitutively generates superoxide. DPI targets 
flavin containing domain and is a commonly used inhibitor 
of NADPH oxidase activities. DPI is suggested to attenuate 
oxidase activity by withdrawing an electron from the 
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oxidase, causing adduct formation with FAD and inhibiting 
superoxide formation. We have shown earlier that oxalate- 
induced injury of NRK52E cells was significantly reduced in 
the presence of DPI.*® Prior incubation with1l0® M DPI 
resulted in a reduction of oxalate as well as CaOx and brush- 
ite crystal-induced LDH release, and production of H,O, and 
8-isoprostane. In addition, DPI reduced both CaOx and 
brushite crystal-induced gene expression and production of 
MCP-1. We have also demonstrated that DPI and catalase, a 
free radical scavenger, cause similar reductions in LDH 
release and production of H,O, and 8-isoprostane as well as 
MCP-1 gene expression and protein production. 

We have specifically shown that exposure to CaOx crystals 
results in increased expression of p47", a NADPH oxidase 
subunit.*°° When exposed to CaOx crystals, renal epithelial 
cells in culture showed upregulated p47™™ expression, which 
was associated with a significant increase in the production 
of superoxide as well as MCP-1 and OPN. Crystal-induced 
production of MCP-1 and OPN was significantly reduced 
following treatment with DPI. As mentioned earlier, NADPH 
oxidase consists of a number of subunits, cytosolic as well as 
membrane associated. Cytosolic units not only translocate to 
the membrane but also assemble with the cytochrome to acti- 
vate the enzyme. In this study cytosolic p47™™ was upregu- 
lated but exposure to DPI inhibited its assembly with the 
cytochrome resulting in reduced enzyme activity and super- 
oxide production as well as MCP-1 and OPN synthesis and 
production. The results suggested that the calcium oxalate 
crystal-induced ROS production and MCP-1 and OPN syn- 
thesis occurs through activation of NADPH oxidase and that 
activation of NADPH oxidase may be one of the crucial 
mechanisms responsible for oxalate-induced production of 
ROS, which may be playing a significant role as second 
messengers for expression of molecules such as osteopon- 
tin and monocyte chemoattractant protein-1. Low level 
hyperoxaluria and passing crystals provoke a protective 
physiological response while long exposure to high oxalate 
levels and crystals leads to oxidative stress and renal pathol- 
ogy. The pathways involved may prove important in devel- 
oping therapies for the recurrent stone formers. 

Administration of angiotensin receptor-1 blocker (ARB) 
to hyperoxaluric rats results in reduction of oxidative stress, 
CaOx crystal deposition, and expression of OPN synthesis 
and production in the kidneys, suggesting involvement of 
renin angiotensin system involvement in coax nephrolithia- 
sis. The kidney produces all components of (RAS; and intra- 
renal RAS plays a major role in renal disease progression. 
Kidneys produce both angiotensinogen and ACE and the 
juxtaglomerular apparatus is the main source of circulating 
renin. Renin catalyzes the production of angiotensin I, which 
is converted to angiotensin II by the actions of ACE. 
Angiotensin II acts through two receptors — types 1 (AT1) 
and 2 (AT2) — and mediates many effects of the RAS, 


regulating numerous physiological reactions including salt 
and water balance, aldosterone release, and blood pressure. 
Oxidative stress plays a significant role in proinflammatory 
effects of angiotensin II. Angiotensin II is implicated in caus- 
ing oxidative stress by stimulating membrane bound NADH/ 
NADPH oxidase, which leads to an increased generation of 
superoxide.” ACE inhibitors and AT1 receptor blockers 
have been shown to provide protection against angiotensin 
II-induced fibrosis and oxidative stress. 

Figure 5.6 illustrates signaling pathways active in the kidneys 
during CaOx nephrolithiasis. Kidneys are under oxidative 
stress when renal epithelial or interstitial cells are exposed to 
high oxalate or CaOx crystals and the mechanical stress 
associated with crystal deposition in the renal tubules. ROS 
are produced by the activation of NADPH oxidase located 
at the plasma membrane or by the activation of PLA-2 
and neutral sphingomyelinase (N-Smase) with effect on 
mitochondria through lipid products, arachidonic acid, 
lysophosphatidylcholine (LysoPC), and ceramide. The pro- 
duction of ROS and cytochrome-C (Cyt-C) goes up. Mito- 
chondrial membrane potential (Ay [delta psi]) and glutathione 
(GSH) are reduced. ROS also activate the p38 MAPkinase 
signal transduction pathways influencing various transcrip- 
tion factors such as NF-«B and AP-1. There is an increase in 
expression of immediate early genes and production of var- 
ious crystallization modulators such as osteopontin (OPN), 
bikunin (BK), and alpha(a)-1-microglobulin (a-1M) and 
chemoattractants such as monocyte chemoattractant protein- 1 
(MCP-1). 


5.6 Formation of Stone Nidus 
and Development of Stone 


Crystals can be retained at many sites in the kidneys through 
the size enhancing process of aggregation and by attachment 
to the renal epithelium. How do the crystals present inside the 
kidneys evolve into stones attached to the renal papillary sur- 
faces? Obviously, crystals deposited in the renal cortical 
tubules or inside tubules of the renal papilla cannot become a 
nidus for the stone formation. Studies of Randall’s plaques in 
human kidneys have shown interstitial CaP deposits and 
intraluminal CaOx deposits in stone formers kidneys. It has 
been suggested that in idiopathic stone formers, CaP deposits 
originate in the basement membrane of the loops of Henle and 
from there continuously grow outward reaching the papillary 
surface.'°’ The CaP deposits on papillary surface then become 
focal points for the development of CaOx kidney stones. 
Randall’s own studies, as well as of others, described the 
involvement of renal pathology in the development of the 
plaque. Both human and animal model studies have shown 
renal inflammation in association with crystal deposits’', 
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Fig. 5.6 Signalling pathways involved in cell response to oxalate and/ 
or calcium oxalate crystals. Kidneys are under oxidative stress when 
renal epithelial or interstitial cells are exposed to high oxalate and/or 
CaOx crystals and the mechanical stress associated with crystal depo- 
sition in the renal tubules. Reactive oxygen species (ROS) are produced 
by the activation of NADPH oxidase located at the plasma membrane 
or by the activation of PLA-2 and neutral sphingomyelinase (N-Smase) 
with effect on mitochondria through lipid products, arachidonic acid, 
lysophosphatidylcholine (LysoPC), and ceramide. The production of 


which become surrounded by multinucleate giant cells, and 
ED-1 positive monocytes and macrophages. Exposure of renal 
epithelial cells to CaOx as well as CaP crystals induces the 
production of monocyte chemoattractant protein- 1 .!°°:202203 
The migration of macrophages to plaque site and develop- 
ment of inflammation are likely to play significant roles in 
ulceration of the subepithelial deposits to renal papillary sur- 
face leading to the formation of stone nidus. Cultured non- 
transformed macrophages release proinflammatory cytokines, 
tumor necrosis factor-alpha(a) (TNF-a) and interleukin-6 
(IL-6) into the medium'” in response to CaOx crystal bind- 
ing and phagocytosis. TNF-a induces the transcription and 
expression of several matrix metalloproteinases (MMP). 
Activation of MMPs requires cleavage by proteases derived 
from inflammatory cells such as neutrophils and monocytes. 
Thus macrophages play a significant role in MMP gene 
expression and their subsequent activation. MMPs are the 
main matrix degrading enzymes and are considered to play a 


ROS and cytochrome-C (Cyt-C) goes up. Mitochondrial membrane 
potential (Ay — delta psi) and glutathione (GSH) are reduced. ROS 
also activate the p38 MAPkinase signal transduction pathways influ- 
encing various transcription factors and growth factors such as NF-«B, 
TGF£ (beta) and AP-1. There is an increase in expression of immediate 
early genes and production of various crystallization modulators such 
as osteopontin (OPN), bikunin (BK), and alpha-1-microglobulin (a- 
1M) and chemoattractants such as monocyte chemoattractant pro- 
tein-1 (MCP-1) 


significant role in the erosion of atherosclerotic plaque and 
may play a similar role during stone formation in crystal ero- 
sion to renal papillary surface. 


5.7 Conclusions 


Intrinsic cellular dysfunctions that lead to hyperoxaluria, 
hypercalciuria, and hypocitarturia, individually or in combina- 
tion, can lead to increased urinary CaP and/or CaOx super- 
saturation (Fig. 5.7). Mild supersaturation by itself, can, 
however, only produce small particle crystalluria. The crystals 
do not grow and aggregate, do not come in contact with the 
epithelial cells for long durations, are not retained inside the 
kidneys, and are excreted in the urine without causing any 
pathological changes and urolithiasis. Mild hyperoxaluria and 
hypercalciuria provoke protective responses. The exposed 
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Fig. 5.7 Interaction between 
intrinsic factors causing 
hyperoxaluria, hypercalciuria, or 
hypocitraturia and extrinsic 
factors such as cell injury in the 
development of nephrolithiasis 
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cells respond by producing macromolecular crystallization 
inhibitors leading to reduced crystal nucleation, growth, and 
aggregation. Any crystals formed are excreted in the urine. 
If crystals come in contact with the cells, they are endocytosed 
and moved to lysosomes for removal. Other crystals are sent to 
the renal interstitium where macrophages become involved in 
crystal elimination. 

Additional cellular dysfunctions that produce reduced or 
inefficient macromolecular inhibitors can, however, cause 
crystals to grow and aggregate or attach to renal epithelial 
cells and thus be retained inside the kidneys. In addition, 
CaP may crystallize in the renal interstitium and later evolve 
into a platform on papillary surface for the deposition of 
CaOx. In case of excessive urinary excretion of oxalate or 
calcium, such as in the primary or enteric hyperoxaluria sec- 
ondary to bariatric surgery and distal renal tubular acidosis, 


| 


Growth to 
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supersaturation can reach very high levels. A large number 
of crystals sufficient to slow down their movement through 
the tubular lumen are formed. Crystals may eventually plug 
the renal tubules. Slowing of the crystal movement and the 
blockage of renal tubules would result in prolonged interac- 
tion between crystals and renal epithelium leading to cellu- 
lar dysfunction and degradation. Renal cells respond 
according to severity of the challenge. Response may be 
physiological, leading to the production of active crystalli- 
zation inhibitors, or pathological, producing defective inhib- 
itors promoting crystal aggregation and adherence. In 
addition damage to the cells can lead to both crystal nucle- 
ation and adherence. Crystallization modulators, both ionic 
and macromolecular, can affect supersaturation by binding 
calcium and/or oxalate. The most critical aspect of stone 
formation is the migration of interstitial crystal deposits 
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to the papillary surfaces, which is most likely directed 
by inflammatory cells and the production of metallo- 
proteinases. 

Supersaturation is considered necessary for crystalliza- 
tion. Therefore, reduction of supersaturation is one of the 
major goals of most therapies. But supersaturation can only 
promote crystallization. That is why some non-stone formers 
have highly supersaturated urine but only produce crystallu- 
ria. An additional approach to prevent stone formation would 
be to stop retention of crystals and their migration to the pap- 
illary surface. Without these two processes there will be no 
kidney stones. As discussed previously, cellular damage pro- 
motes crystal retention through promotion of nucleation, 
aggregation, and attachment of crystals to the renal epithe- 
lium. In addition, an inflammatory response to the crystals 
may be necessary for the evolution of interstitial crystals into 
the stone nidus. Functional crystallization inhibitors are 
essential for the control of stone production. Damaged or 
dysfunctional state of the inhibitor producing cells may 
explain why stone formers produce insufficient and/or inef- 
fective inhibitors. Since ROS appear responsible for cellular 
dysfunction/injury, control of renal oxidative stress may 
prove an effective therapy. 
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Interaction of Stone Components 
with Cells and Tissues 


Jack G. Kleinman 


Abstract This chapter is a review of the interaction of stone-forming materials with cells 
and tissues. The evidence for intratubular and interstitial locations of calcium oxalate and 
calcium phosphate is examined; the latter mineral with particular reference to its appearance 
in Randall’s plaques. The mechanisms of surface adherence and nucleation of crystals are 
discussed, as well as the evidence for internalization of crystals by renal tubular epithelium 
and their further processing. The cellular consequences of crystal—cell interaction, specifically 
stimulation of cell division and initiation of several varieties of cell damage or death, are 
reviewed. The specificity of crystal—cell interaction is also covered. This includes a discus- 
sion of the features of cultured cells responsible for the reported specificity and the molecules 
expressed on the cell surface responsible for crystal adherence, with particular emphasis on 
the case of calcium oxalate monohydrate (COM). The smaller amount of evidence regard- 
ing the above phenomena for other stone forming crystals — uric acid, brushite, and apatite is 
also reviewed. The issue of whether cell or tissue damage predisposes to stone formation is 
also covered; particularly the large amount of data on the toxic effects of oxalate, as well as 
the lesser amount of information available regarding hypercalciuria, hyperphosphaturia, and 
hyperuricosuria. The chapter concludes with a synthesis of the material into a comprehensive 
hypothesis for the initiation of stone disease through interaction of stone-forming constituents 
with cells and tissues. 


uric acid, and the various calcium phosphates will be 
indicated. The limited amount of information available spe- 
cifically regarding these other substances will be reviewed 
separately toward the end of the chapter. Finally, I will exam- 
ine the evidence that oxalate, calcium, phosphate, and uric 
acid induces alterations in tubular cells that promote crystal 
adherence. The chapter closes with a synthesis of the mate- 
rial in the form of a hypothesis for stone formation. 


6.1 Introduction 


The symptoms of kidney stone disease require an interaction 
with renal tissue. Kidney stones are either passed spontane- 
ously or produce pain due to obstruction of the urinary tract. 
However, crystalline material as originally formed appears to 
be of microscopic size. This chapter will cover the interaction 
of crystals or other solid amorphous material with renal tis- 
sues or cells. I will consider the sites of the attachment of 
such solids, the internalization of this material into cells and 
their transit through tissues, the cellular and tissue reactions 


to this process, and the mechanism of this adherence. Most 
of the material presented will derive from studies with cal- 
cium oxalate crystals. Where appropriate, similarities and 
differences between the other major stone crystals or solids, 
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6.2 Sites of Crystal Attachment 


Precipitates of more or less ordered stone constituents may 
form in extracellular, interstitial sites by a mechanism yet to be 
described.'! However, one can infer from the often striking 
presence of crystalluria that crystals almost certainly also form 
within tubular fluid. This may occur either spontaneously in 
free solution, in solution microenvironments, or on particu- 
lates in tubular fluid.” Crystal formation can also take place 
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on surfaces that may be present in the tubule or bladder wall, 
whether of normal cells, abnormal cells, or areas denuded of 
cells due to pathologic processes.** 


6.2.1 Interstitial Calcification 
and Randall’s Plaques 


Interstitial precipitation of calcium phosphate results in the 
phenomenon of Randall’s plaques.’ These structures have 
been proposed as platforms for the formation of idiopathic 
calcium oxalate stones; however, their evolution into clinical 
stones, at least on the basis of the microscopic analysis of the 
sites of stone attachment, does not primarily appear to involve 
a tissue interaction. How the deposits of calcium phosphate 
form initially has not been addressed directly, but there are 
some notions of how this may be possible from consider- 
ations of calcification that occur in other sites. Calcium phos- 
phate precipitation in interstitial sites occurs normally in 
bone and pathologically in both blood vessels and joints. 
Figure 6.1 shows hydroxyapatite deposition in Randall’s 
plaques in the kidney, and similar deposits appear in ather- 
omatous arteries.’ 

In all of these sites calcification has been associated with 
the presence of small membrane-bound structures referred to 
as matrix vesicles. These appear to function as the initiation 
sites for apatite crystallization. Investigators in this area have 
demonstrated that membrane-bound remnants similar, if not 
identical, to matrix vesicles were released by apoptotic vas- 
cular smooth muscle cells in vitro and appeared to act as 
nucleating structures for calcium crystal formation.’ This 
same group has demonstrated that exposure to high calcium 
and inorganic phosphate concentrations induced vascular 
smooth muscle cell death and apoptotic body release as well 
as matrix vesicle release from living cells.’ 

In articular cartilage, calcium may precipitate within 
membrane bound structures.'° These are referred to as matrix 
vesicles, and the calcium precipitates as pyrophosphate as a 
result of the generation of pyrophosphate mediated through 
the action of nucleoside triphosphate pyrophosphohydro- 
lase, an enzyme enriched in the vesicles. Of course, pyro- 
phosphate is a strong inhibitor of calcium phosphate and 
calcium oxalate nucleation.'''* Articular cartilage matrix 
vesicles can also produce hydroxyapatite.’ Whether articu- 
lar cartilage matrix vesicles calcify at all or produce calcium, 
either pyrophosphate or calcium phosphate, appears to 
depend on the pyrophosphate to phosphate ratio as well as 
the calcium to phospholipid ratios.'* These ratios, in turn, 
may be determined by the relative activities of the inorganic 
phosphate-generating ectoenzyme tissue-nonspecific alka- 
line phosphatase versus pyrophosphate-generating pyro- 
phosphatase phosphodiesterases and the vesicle content of 


annexins — a class of compounds that will come up later in 
connection with crystal adherence.’ Stone formers may 
have low urinary excretion rates of pyrophosphate, suggest- 
ing that the balance may be shifted in favor of the alkaline 
phosphatase.'° 

Initially, the calcium phosphate is found within mem- 
brane-bound vesicles. These vesicles appear to coalesce and 
lose their membrane coat. The deposits then erode tissue, and 
evoke a biological response by interaction with the interstitium 
or a fluid-containing space. 


6.2.2 Surface Adherence or Nucleation 
of Crystals 


Crystals of several sorts can nucleate directly from super- 
saturated solutions, either on extracellular matrix constitu- 
ents, on cellular debris, or on intact cells. 

Gill utilized the catheterized bladder of the rat to study 
crystal formation on surfaces.'’ In the presence of supersatu- 
rated calcium oxalate solutions, he and his coworkers only 
observed adherent crystals in bladders that had been exposed 
to HCI or detergent. The question of which structure or struc- 
tures had the attached crystals was not investigated in detail; 
polycrystalline masses were observed to be attached to a 
multiple-layered urothelium rather than to areas of bladder 
where the cells had been dislodged. Presciently, the investi- 
gators hypothesized that attachment may have either been 
mediated by loss of glycocalyx or the presence of an attach- 
ment factor or factors by the injured cells. 

Khan and coworkers also performed similar studies.'* In 
particular, they found that HCl or Triton-injured bladders 
showed increased calcium oxalate adherence to areas 
denuded of cells. The detergent-treated bladders showed 
strong staining for fibrin along the surface denuded of cells; 
staining was variable in the HCl-injured bladders. It seems 
fair to conclude from these studies, as well as the observa- 
tions of Evan and coworkers discussed previously, that cal- 
cium oxalate crystals are able both to nucleate directly and to 
adhere to either cells or extracellular matrix. 

Some components of extracellular matrix have been shown 
to adhere to crystals; either forming a component of their 
matrix or mediating attachment. I will elaborate below on the 
issue of whether these extracellular matrix components medi- 
ate attachment within the renal intertstitium, in association 
with tubular cell basement membranes, or to apical cell mem- 
branes (from which they are ordinarily excluded). 

Using an innovative technique involving vapor diffusion 
of oxalic acid, Lieske and coworkers demonstrated direct 
nucleation followed by internalization of calcium oxalate 
crystals by a process that this group has also extensively 
investigated." 
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Fig. 6.1 Randall’s plaques and 
calcified matrix vesicles in 
atheromas. Top 4 panels (A—D) 
shows images of Randall’s 
plaque in idiopathic calcium 
oxalate stone formers (Courtesy 
of A. Evan). Panel A shows an 
image of a papilla taken during a 
percutaneous nephrolithotomy. 
Several attached stones (arrows) 
are seen, which are surrounded 
by a large field of whitish, 
irregular suburothelial Randall’s 
plaques (arrowheads). Panel B, a 
light-microscopic image of a 
papillary biopsy specimen, 
shows Yasue-positive sites of 
calcium deposits (arrows) in the 
interstitial space. Panel C shows 
single deposits (arrows) of 
varying size located in the 
basement membrane of the thin 
loops of Henle; panel D shows a 
single deposit as seen at a higher 
magnification to show the 
multilaminated nature of these 
structures. The electron dense 
layers are composed of matrix 
material while the electron lucent 
layers contain hydroxyapatite 
crystals. Bottom 8 panels (A-H) 
shows electron microscopy of 
calcified matrix vesicles in the 
fibrous cap of an atheromatous 
plaque. Deposits in both types of 
vesicles were identified as 
calcium phosphate (Reprinted 
from’, with permission of 
Blackwell Publishing, Inc.) 


6.3 Consequences of Crystal Adherence 


Stone constituent crystals may be washed off surfaces 
depending on the shear force applied, or they may adhere to 
surfaces for long periods. Crystals washing off the surfaces 
to which they adhered temporarily will end up in the urine 
and are generally of little consequence clinically. This, in 
fact, may be the fate of the majority of crystals formed in 


urine, as many relatives of stone formers as well as normal 
individuals demonstrate calcium oxalate or calcium phos- 
phate crystalluria.'°”° Crystals adhering for prolonged peri- 
ods can presumably serve as the nidus for the development 
of clinical stones. As reviewed in the following sections, sev- 
eral groups have reported more complex interactions between 
crystals and cells, specifically, internalization, dissolution, 
and transcytosis. 
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Fig. 6.2 Internalization of 
calcium oxalate crystals. Top 
panels show internalization of 
calcium oxalate dihydrate by 
scanning electron microscopy 
(Reprinted with permission of 
Springer Science + Business 
Media from”. Bottom panels 
show internalization of COM 
into membrane-bound structures 
by transmission electron 
microscopy (Reprinted with 
permission from”, copyright 
1994 National Academy of 
Sciences, USA) 


Crystals can be internalized by interacting with cellular pro- 
cesses that become applied to certain crystal surfaces and 
then fully engulf the crystal so that by 24 h some crystals 
were observed beneath the plasma membrane of the cell 
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(Fig. 6.2).' In studies using scanning electron microscopy, 
crystals were shown to adhere first to apical microvilli.” 
These microvilli then migrate over the crystalline surface 
and appear to coalesce, resulting in migration of the crystal 
below the plasma membrane of the cell. By transmission 
electron microscopy, intracellular crystals were shown to 
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Fig. 6.3 Translocation of calcium oxalate crystals from tubule lumen 
to papillary surface. Top panels depicting calcium oxalate crystals at 
tubule cell surface, within cells and in the interstitium adjacent to 
tubules (Reprinted with permission of Scanning Microscopy Inc. from”’.) 


remain within membrane-bound vesicles. Factors reported to 
increase internalization were serum, exposure to low potas- 
sium medium, epidermal growth factor, and adenosine 
diphosphate.” Tamm-—Horsfall glycoprotein, the tetrapeptide 
arginine-glycine-aspartic acid-serine, fibronectin, transform- 
ing growth factor-b2, and heparin all inhibited internaliza- 
tion of calcium oxalate. 

In one of the few available studies in patients, this group 
has described internalization of calcium oxalate crystals in 
an individual with primary hyperoxaluria.™ 


6.3.2 Dissolution of Crystals 
and Transcytosis 


As indicated in the next section, one of the things that can 
happen to the internalized crystals is that they can be dis- 
solved. An additional fate has been proposed, however, that 
of transcytosis through the epithelial cell layer into the renal 
interstitium and migration to the surface of the renal papilla. 
Rats that have been made hyperoxaluric using ethylene glycol 
and ammonium chloride demonstrate what the investigators 


Bottom panels showing masses of crystals at the papillary surface as 
well as clearance from the tubules and interstitium. Bars = 25 um 
(micrometers) (Reprinted with permission of Scanning Microscopy 
Inc. from?*°) 


called “exotubulosis,” referring to free crystals or crystals 
surrounded by cells in the renal interstitium (Fig. 6.3).”° 
Subsequent to the oxalate challenge, crystals were promi- 
nently observed in interstitial sites, at later time points in the 
papilla alone, under the epithelium covering the papillary 
surface or in the renal pelvis itself.” These authors suggest 
that the deposits of crystals under the epithelium covering 
the papilla could serve as the nidus for the development of 
calcium oxalate nephrolithiasis. Such deposits have been 
described in humans.” The Dutch investigators have sug- 
gested that macrophage-like cells could be responsible for 
the migration of crystals from intratubular sites to the papil- 
lary surface. 


6.4 Cellular Consequences 
of Crystal-Cell Interaction 


What happens to internalized crystals has been examined by 
several groups. In the case of synovial macrophage/monocytes 
or chondrocytes, internalization of crystals results in dissol- 
ution, increased cell calcium, and a number of cellular 
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Fig.6.4 Specificity of calcium oxalate adherence. Upper panel depicts 
saturation of COM crystal adherence to primary cultures of rat IMCD 
cells. Lower panel shows concentration-dependent inhibition of COM 
adherence with simultaneous incubation with apatite (Redrawn from 
data in”, American Physiological Society) 


signaling processes are initiated. These include stimulation 
of mitogenesis, activation of both cyclooxygenase and phos- 
pholipase C pathways, induction of c-fos and c-myc, increase 
secretion of matrix metalloproteinases, and decreased tissue 
metalloproteinase inhibitors.” These effects were linked to 
the demonstrated dissolution of the crystals. 

As noted in the previous section, dissolution of crystals 
within renal tubule cells has also been described. Lieske, 
Toback, and coworkers described very slow dissolution of 
crystals in BSC-1 cells.*° Mitogenesis was stimulated when 
crystals were internalized. 

Interaction of calcium oxalate crystals with several types of 
cells leads to various changes in these cells. Lysis of mem- 
branes, mitogenesis, necrotic cell death, inflammatory changes, 
and apoptosis are some of the processes that have been reported 
to follow upon exposure of cells to these crystals. Exposure of 
a proximal tubule cell line to calcium oxalate crystal initiates 
DNA synthesis in cells made quiescent by serum starvation 
through a p38-dependent mitogen-activated protein (MAP) 


kinase signaling cascade.*! Even when overt changes in the 
state of the cells do not occur, signaling cascades may be ini- 
tiated that affect processes external to the cells themselves, 
but whether such changes are due to exposure of cells to crys- 
tals, to oxalate, or to both is uncertain. In any event, such 
processes may, in fact, be an important component of the 
pathophysiology of both the acquired and the genetic forms 
of hyperoxaluria, which are characterized by inflammatory 
and fibrotic changes within the renal interstitium.**** Reactive 
oxygen species (ROS) have been postulated to mediate some 
of these effects.“ 


6.5 Crystal Adherence Specificity 


The structures involved in crystal—cell interactions have been 
investigated in cell culture systems by a number of investiga- 
tors. In primary cultures of inner medullary collecting duct 
(IMCD) cells, exposure to preformed crystals of materials 
usually found in stones leads to their adhesion.**~*’ The pro- 
cess demonstrates some features of specificity, specifically a 
maximum capacity that is less than the total exposed cell sur- 
face and at least some degree of mutual inhibition (Fig. 6.5). 
All major types of crystals found in clinical kidney stones, 
hydroxyapatite, calcium oxalate, and uric acid can attach to 
various types of cultured cells demonstrating similar kinetic 
parameters. 


6.5.1 Features Responsible for Specificity 


The question of what features of cultured cells is responsible 
for the adhesion of crystals has been addressed in a number of 
ways. In primary cultures, calcium oxalate appears to attach 
to collections of cells that are beginning their organization 
into cord-like proto-tubules, thereby exposing to the crystals 
immunological epitopes usually confined to the basolateral 
cell surface (Fig. 6.5). Cultures “wounded” by scraping pro- 
duce a population of cells whose polarity is lost during the 
process of division and migration to cover the deficit. These 
cells also exhibit enhanced crystal attachment capability 
(Fig. 6.5). 

Cultured cells differ in their capacity to mediate cell adher- 
ence. In general, the more highly organized the cell monolayer 
is, the less capacity for crystal adherence there appears to be. 
Some cultured cell lines demonstrate significant capacity for 
crystal adherence (and engulfment) and some do not. In the 
primary IMCD cell cultures, lysing of intercellular junctions 
with EGTA was associated with increases in calcium oxalate 
adherence, which was restored to control levels with removal 
of EGTA and provision of calcium.” 
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Fig. 6.5 Calcium oxalate adherence to structural features of cultured 
IMCD cells. Top panel shows calcium oxalate crystals adhering to 
aggregated cells in primary cultures. (Reprinted with permission of 
American Physiological Society from™.) Bottom panels depict crystals 
adhering to cells repairing wound made by scraping of IMCD monolay- 
ers. Panels A and B show lack of crystals on quiescent areas of culture; 
Panels C and D show COM adherent to cells that have recently grown 
to cover defect. Panel E shows lower power view of wounded area and 
surrounding undisturbed culture (Reprinted with permission from“) 


It seems safe to conclude, therefore, that cells in the urinary 
tract are relatively resistant to interactions with crystals when 
they are organized into the well-differentiated monolayers or 
multilayers that are observed in tissues, specifically renal 
tubules, or distal urinary tract. As noted previously, in injured 
bladder, areas denuded of cells are those to which crystals 
were attached, apparently to masses of dead cells, cellular 
debris, and a fibrillar mesh that exhibits staining for fibrin. 
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This is analogous to the situation observed with stones that 
are attached to Randall’s plaques. As elegantly illustrated by 
Evan and coworkers (Fig. 6.6), the stone appears to have been 
attached to an area of plaque over which the urothelium cov- 
ering the renal papilla has become denuded.° The plaque itself 
(comprised of hydroxyapatite) appears to be firmly anchored 
within the intertstitium of the papilla rather than to cells them- 
selves. At the periphery of the stone, there appear to be adher- 
ent urothelium, so direct crystal cell attachment also appears 
to take place. However, the major point of the attachment of 
the stone to the plaques appears to be mediated by matrix 
composed of urinary and perhaps cellular proteins. 
Osteopontin, of which more will be said later, appears to 
bridge the stone and the interstitium of the papilla. 

The group of investigators mentioned previously con- 
tends that most, if not all, idiopathic calcium oxalate stone 
disease originates in Randall’s plaques. However, a number 
of investigators have pointed out that calcifications of vari- 
ous types can be identified in almost all individuals if looked 
for carefully enough with the appropriate techniques.”*°”"* 
Furthermore, only about 40% of passes stones that appeared 
to have been formed in the renal papilla showed evidence of 
having Randall plaque material.” Ryall has suggested that 
the failure of Evan and coworkers to find plaque in controls 
may be due to the small number of non-stone formers exam- 
ined.! Thus, while the presence of Randall’s plaques may 
be sufficient for stone formation, it may not be necessary. 
Even those who support the Randall’s plaques initiation site 
of stone formation have reported some situations where free 
crystals are identified in the tubule lumens and attached to 
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Fig.6.6 Stone attached to Randall’s plaques. The figure depicts a stone 
and underlying tissue removed from a patient, showing the site of attach- 
ment to a calcified plaque at the papillary surface from which the epithe- 
lium has become denuded (Reprinted from’, with permission of Wiley) 
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the apical cell membranes of tubule cells. This has led 
investigators to study the mechanism of attachment of crys- 
tals to cells using in vitro systems. 


6.5.2 Molecules Responsible 
for Crystal Adherence 


Because of its preponderance in kidney stones, attachment of 
calcium oxalate, particularly calcium oxalate monohydrate 
(COM), has been studied most extensively of the stone crys- 
tallites. Enrichment of membrane phospholipid phosphatidyl- 
serine by incubation with phospholipid-containing liposomes 
was shown to enhance calcium oxalate crystal attachment.” 
In addition, these studies indicated that maneuvers that less- 
ened membrane polarity, such as treatment with EGTA, as in 
studies alluded to previously, also increased phosphatidylserine- 
mediated COM attachment. 

Glycosaminoglycans have also been implicated in crystal 
attachment to renal tubule cells. In proliferating subconfluent 
Madin—Darby canine kidney (MDCK) cells or in cells made 
to proliferate to cover a defect induced in confluent cultures, 
the binding of COM crystal was strongly correlated with the 
expression of hyaluronan and could be inhibited by treating 
susceptible cells with hyaluronidase.*' In older, more indi- 
rect studies, several glycosaminoglycans were shown to 
strongly inhibit crystal attachment, suggesting that the cel- 
lular sites involved share features of these molecules.*!” 

The membrane-associated proteins nucleolin was selec- 
tively depleted by COM from a preparation of biotinylated api- 
cal membrane proteins of cultured rat IMCD cells (Fig. 6.7). 
An otherwise unidentified 200 kDa band and the low-molecu- 
lar-weight protein amphoterin also selectively adhere to COM*, 
and are thus also candidate attachment molecules.“ The role of 
these latter molecules as well as a 200 kDa(kilodalton)-sized 
membrane glycoprotein from culture medium of MDCK cells“ 
has not, to my knowledge, been further evaluated. 

Additional data is available regarding a proposed role for 
nucleolin in COM attachment.“ Surface expression, both on 
apical and basolateral membranes, declined with time in cul- 
ture, in a fashion similar to the decline in COM attachment. 
Cells stimulated to multiply to cover a defect induced by 
scraping of the cultures demonstrated increase apical surface 
nucleolin expression along with enhanced COM attachment. 
Furthermore, overexpression in the apical membranes of 
cells of a region of the molecule that contains a large amount 
of acidic amino acid residues leads to enhanced COM attach- 
ment, while the soluble acidic fragment competed with the 
membrane-bound form, preventing the increase in COM 
attachment. 

COM affinity from a preparation of apical membrane of 
MDCK cells identified annexin II as a potential crystal 
adherence factor.“ Annexin II was identified by 
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Fig. 6.7 Adsorption of specific proteins by COM crystals. Figure 
shows protein blots of solubilized apical membranes of IMCD cells 
before (lane 1) after (lane 2) incubation with COM crystals. Arrows 
mark bands at 220, 110 (nucleolin), and 26 kDa (amphoterin) depleted 
in supernatant (lane 2) and selectively adsorbed to crystals (lane 3) 
(Reprinted with permission from**, American Society for Biochemistry 
and Molecular Biology) 


immunofluorescence on the surface of the cultured cells, and 
a monoclonal anti-annexin IJ antibody significantly decreased 
COM adherence to the cells. Without identifying a specific 
membrane component, integral membrane glycoproteins 
appear to be able to mediate COM attachment based both on 
inhibition with soluble cations and, more significantly, inhi- 
bition of attachment with neuraminidase.“ 

Another urinary protein, osteopontin, has been associated 
with crystal binding in vitro.** Specifically, MDCK cells incu- 
bated with osteopontin demonstrated increased adhesion of 
calcium oxalate crystals, and incubation with thrombin — an 
inhibitor of osteopontin expression — led to decreased crystal 
adhesion. This same group has demonstrated that MDCK 
transfected with an antisense oligonucleotide against osteo- 
pontin demonstrated less calcium oxalate crystal adhesion.” 

Against a role for osteopontin in mediating crystal adhe- 
sion is the observation that mice lacking the gene for this 
molecule were actually more susceptible to calcium oxalate 
crystal deposition after ethylene glycol feeding than were 
wild-type mice (Fig. 6.8).°° In another study also shown in 
the figure, mice lacking the osteopontin gene developed 
spontaneous renal papillary interstitial calcifications that 
were identified as hydroxyapatite.*' In addition, urine from 
osteopontin-deficient mice was less effective at inhibiting 
COM attachment to MDCK cells in vitro than was urine 
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Fig. 6.8 Enhanced susceptibility 
of osteopontin-deficient mice to 
intrarenal crystal formation. 

Left two panels shows calcium 
oxalate crystals in renal tubules 
in osteopontin-deficient mice 
after ethylene glycol feeding 
under condition when wild-type 
mice do not show crystals 
(Reprinted with permission 
from”). Right panels show 
interstitial hydroxyapatite 
crystals that developed spontane- 
ously in osteopontin-deficient 
mice, top, and their absence in 
wild type, bottom (Courtesy of 
X.R. Wu) 


from wild-type animals. In unreported experiments from this 
author’s laboratory, exogenous osteopontin did not adhere 
significantly to cultured rat IMCD cells, which is additional 
evidence against a role for this substance in crystal adherence, 
at least in vitro. Finally, the finding that the osteopontin-deficient 
mice were more susceptible than the wild type to calcium 
oxalate crystal deposition with induced hyperoxaluria also 
has been confirmed.“ 

To summarize to this point, it is clear that cells differ in 
their attraction for crystals found in stones. Cells deriving 
from distal nephron segments appear to manifest less affinity 
than other cell types. Affinity also appears to be related to 
damage to cells or the recovery from damage. Intercellular 
matrix appears to have considerable affinity for crystals. 
Thus it is likely that multiple components of tissue have fea- 
tures that can mediate crystal attachment. In the next section, 
we consider what features or components of the macromol- 
ecules comprising renal tissue may be responsible for the 
attachment of crystals. 


6.5.3 Functional Group Requirements 
for Crystal-Cell Adherence 


The common feature of most of the molecules listed is their 
acidic nature, provided by the carboxyl groups of amino 
acids, glucuronic acid, sulfated sugars, phosphorylated 


amino acids, or the terminal sialic acids of glycoprotein side 
chains. Various investigators have proposed that these acidic 
groups mediate crystal attachment by interacting with the 
partial cationic surface charges of some of the crystal sur- 
faces of COM. Annexin II also has calcium-binding sites 
formed by coordination of peptide oxygen atoms, acidic 
amino acids, and water molecules. Spatial expression of 
some of these sites (hyaluronan and nucleolin) appears to 
correlate with crystal attachment***’, depletion of some sites 
(sialic acids)” has been shown to decrease crystal attach- 
ment, and overexpression of some purported acidic attach- 
ment sites correlates with increased attachment.“ Although 
it is still not certain that binding to surface calcium atoms is 
totally responsible for calcium oxalate and, for that matter, 
calcium phosphate crystal attachment, it does appear that 
many compounds that block calcium-binding sites are effec- 
tive blockers of calcium oxalate or other calcium-containing 
crystal attachment. 

Atomic force microscopy (AFM) has been utilized to study 
the interaction between various functional groups and the sur- 
face of COM*’. COM crystals were grown in a manner so as to 
maximize specific surfaces and were mounted in a fluid-filled 
chamber. The strength of adhesion of various chemical groups 
was examined by utilizing AFM tips functionalized with 
organosulfur molecules containing specific chemical groups. 
These tips were brought into contact with a particular COM 
crystal face and then retracted; the force of attraction was 
taken as the force required to detach the tip from the crystal 
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Fig. 6.9 Force of attraction of various functionalized AFM tips with 
specific faces of COM crystals. Figure depicts the strong interaction 
between both carboxyl and amidinium decorated tips and the (100) sur- 
face of COM (Reprinted with permission from”, copyright 2005 National 
Academy of Sciences, USA) 


surface. Figure 6.9 shows that both COO- and the amidinium 
groups strongly adhere to the (100) crystal face of COM, 
likely by binding to the ordered calcium atoms and oxalate 
groups on the crystal surface. 


6.6 Uric Acid Attachment Sites 


Our group was the first to describe uric acid attachment to 
cultured renal tubule cells*’. Uric acid appeared to compete 
with COM for some of the same attachment sites, but no 
soluble inhibitors were studied. The only systematic study of 
uric acid attachment was performed on BSC-1 cells, a non- 
transformed cell line of uncertain tubular segment origin, 
and MDCK - a cell line derived from the distal nephron.™* 
Urinary glycoproteins did not inhibit attachment, but other 
urinary and synthetic polyanions did. However, a number of 
cationic substances also demonstrated inhibition of attach- 
ment, apparently when they coated the cell surface. When 
crystals were preincubated with polycations, attachment was 
increased. The role of surface glycoproteins with terminal 
sialic acids in uric acid attachment is difficult to discern from 
these studies, as lectins that bind sialic acids were without 
effect, but neuraminidase treatment enhanced attachment. 
Although an attempt at a dose response was made, the rela- 
tionship between the amount of inhibitor and the surface area 
of the uric acid crystals was not assessed. 

The 200 kDa protein, alluded to previously, that is secreted 
into medium by MDCK cells, when coated on glass, pro- 
motes attachment of COM, calcium dihydrate, uric acid, and 
brushite, but not apatite.“ The similarity in molecular mass 
of this protein to the surface glycoprotein that we have 
reported selectively adheres to COM®* has been previously 


remarked. Finally, in a genetically isolated population in 
Sardinia with a high incidence of uric acid stones, urinary 
excretion of glycosaminoglycans appeared to be decreased,” 
suggesting that these substances may act as endogenous 
inhibitors of stone formation, possibly by inhibiting crystal 
attachment. 


6.7 Brushite and Apatite Attachment Sites 


Both brushite and apatite adhere to cultured renal tubular 
cells of various types to a much lesser extent than does cal- 
cium oxalate.” However, attachment may be important, 
both for the relatively small number of patients who demon- 
strate predominantly calcium phosphate nephrolithiasis,”’ as 
well as for a purported role in the pathophysiology of cal- 
cium oxalate nephrolithiasis.°°* In the previous work, we 
reported that apatite appeared to share some of the same 
attachment sites as COM’. Others have provided evidence 
that apatite adheres to similar anionic sites as does calcium 
oxalate.” One study demonstrated brushite attachment to 
sulfur-rich sites on the surface of cultured human intestinal 
cells, presumably anionic sulfated mucins. Studies, too 
numerous to cite, demonstrate effects of anionic molecules 
to inhibit apatite nucleation and growth. 


6.8 Cell or Tissue Damage as a Prerequisite 
to Stone Formation 


As already noted, the interaction of cells and tissues with 
crystals is characterized by responses that include cell divi- 
sion, inflammation, necrotic cell death, and apoptosis. As 
discussed previously, some of these cellular responses, by 
themselves, can make cells receptive to the adherence of 
crystals formed in renal tubules or could be responsible for 
interstitial calcification. In this section, I will examine the 
condition that may be present in stone formers that may 
induce the sorts of alterations in cell function that promote 
crystal nucleation or adhesion. 


6.8.1 Hyperoxaluria 


Oxalate, of course, is a primary constituent of most kidney 
stones. Oxalate excretion is normal in the majority of stone 
formers, but even in normal individuals oxalate concentra- 
tions can rise to fairly high levels under antidiuretic condi- 
tions and oxalate excretion can rise in response to oxalate or 
oxalate precursor-rich meals.°' On the other hand, in our 
clinic, a fair proportion of stone formers exhibit mild 


6 Interaction of Stone Components with Cells and Tissues 


97 


hyperoxaluria, and hyperoxaluria of much larger degree can 
occur as a result of gastrointestinal disease or bowel resec- 
tion. In addition, individuals with genetic hyperoxaluria 
can demonstrate markedly increased oxalate excretion.™ 
Hyperoxaluria associated with the conditions mentioned pre- 
viously has been shown to confer a significant degree of risk 
for the development of stone disease, as well as kidney dis- 
ease resulting in kidney failure.’ A number of groups have 
examined the cellular effects of oxalate exposure. 

Some evidence for oxalate-mediated cell injury derives 
from studies of human stone formers. Hyperoxaluric stone 
formers demonstrate markers of epithelial cell injury in 
blood, urine, or both.“ Unfortunately, these findings may 
not be specific to stone formers nor is it possible to com- 
pletely exclude an effect of stones themselves or treatments 
thereof on excretion of injury markers. As noted earlier some 
of the same effects of hyperoxaluria are induced by contact 
with calcium oxalate crystals.*' Studies of hyperoxaluric 
non-stone formers who had been carefully screened for the 
presence of stones and other renal or cardiovascular diseases 
would be needed to resolve this issue. 

Induction of hyperoxaluria in experimental animals using 
oxalate itself or physiologic oxalate precursors have been 
examined relatively infrequently. Most animal studies have 
been performed using ethylene glycol to induce hyperoxalu- 
ria, a maneuver that may induce cellular changes to other 
toxic metabolites. For example, acute peritoneal administra- 
tion of sodium oxalate resulted in pathologic changes in the 
renal papillary tip; however, this maneuver also produced 
calcium oxalate crystal deposition, making it impossible to 
determine what the effects of oxalate ion alone were.” 

In vitro exposure of cell cultures to oxalate is at least incon- 
trovertible regarding toxicity of oxalate by itself. Exposure of 
a number of renal tubule cell types activates phospholipase 
A2, leading to release of arachidonic acid and lysophosphati- 
dylcholine, and mitochondrial damage.” This effect, as well 
as other sources, such as through the activation of NADPH 
oxidase, likely contribute to the reactive oxygen species 
(ROS) observed in response to oxalate.” These studies lend 
support to the idea that the evidence of ROS in stone formers 
can be the result of elevated oxalate concentrations within 
renal tubules alone, not just the result of damage induced by 
stone deposition or interventions for stone treatment. 

Signaling cascades associated with apoptosis have also 
been described with oxalate exposure in vitro. One of these 
is the redistribution of phosphatidylserine from the inner to 
outer cell membrane.”* As indicated earlier in this chapter, 
phosphatidylserine can serve as an attachment site for 
COM”. Apoptotic cells may also demonstrate increased 
COM attachment, at least in vitro*’>"; however, no increase 
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in crystal retention was observed when apoptosis was 
induced by an industrial toxin in experimental animals with 
mildly increased oxalate excretion.” These experiments do 
not rule out a more long-term effect of increased rates of 
apoptosis. Although, for this to be important in vivo, pre- 
sumably the rate of production of apoptotic cells must be in 
excess of what can be easily cleared by the available mecha- 
nisms. Whether oxalate could induce limitations to clear- 
ance of apoptotic cells by macrophages has not been 
examined. 

A number of renal cell lines demonstrate enhanced activ- 
ity of p38 MAP kinase, consequently increased in DNA syn- 
thesis, and cell proliferation.’”’* With higher concentrations 
of oxalate, usually in excess of what would be the expected 
exposure in vivo, cell damage and denudation of culture 
monolayers is observed.” As has been noted earlier, cells 
induced to divide by scraping of cultures demonstrate 
enhanced crystal attachment, so exposure to concentrations 
of oxalate that are too low to induce overt damage may still 
condition cells for crystal attachment if nucleation takes 
place. It should be noted, however, that cultured IMCD cells 
appear to be more resistant to the effects of oxalate than other 
cell types.*° Consideration of the amounts of oxalate excreted 
in urine in both enteric hyperoxaluria and genetic hyperox- 
aluria of either type suggests that tubule cells in the IMCD 
could see the kind of concentrations observed to induce 
either proliferation or toxic effects. Whether they see con- 
centrations of oxalate sufficient to induce these effects in the 
usual calcium oxalate stone former — even the significant 
proportion of them who demonstrate mild hyperoxaluria — 
has not been established. It does not seem that oxalate expo- 
sure due to intestinal bypass induces interstitial calcification 
with apatite.' 


6.8.2 Hypercalciuria 


While it is clear that acute hypercalciuria induces reversible 
changes in renal function, the more chronic effects on 
tubule structure and function are unclear. Probably the most 
informative data regarding this issue can be gleaned from 
considering the case of Dent’s disease, where low molecu- 
lar weight enzymuria and hypercalciuria are associated.*! 
The former, however, appears to result from interference 
with proximal nephron endosomal function; the hypercal- 
ciuria appears to be a consequence of enhanced intestinal 
calcium absorption, at least in the CCL5-deficient mouse 
model.** While hypercalciuria may be responsible for crys- 
tal formation and deposition, with its attendant damage, it 
appears that hypercalciuria alone is not associated with 
changes in tissue that would promote urinary stone 
disease.** 
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6.8.3 Hyperphosphaturia 


Patients with stone disease often manifest high levels of uri- 
nary phosphate excretion, either as a result of excessive 
dietary intake or due to a renal phosphate leak as a compo- 
nent of the syndrome of absorptive hypercalciuria.*' Renal 
injury as a result of phosphaturia has not been studied 
directly, as this condition is in clinical situations mostly asso- 
ciated with other abnormalities, such as the Fanconi 
Syndrome.* Patients with phosphaturia and nephrolithiasis 
due to mutations in the Na—phosphate cotransporter have 
been described.*° These individuals were without overt evi- 
dence of renal damage. Individuals with mutations in the 
gene PHEX, who demonstrate x-linked hypophosphatemic 
rickets, also do not appear to have any abnormalities in renal 
structure or function unless nephrocalcinosis develops.*’ In 
rats, a diet containing 1% calcium and 2% elemental phos- 
phorus has been reported to induce corticomedullary calcium 
phosphate deposition at least in females.***? Once crystal 
deposition has occurred, however, it is impossible to say 
whether it was the phosphaturia or the crystal deposition that 
is producing renal injury, such as has been described in indi- 
viduals with renal tubular acidosis.” In vascular tissue, how- 
ever, phosphate exposure induces calcifications, some of 
which are reminiscent of that described in association with 
matrix vesicles.?'’? Whether phosphate exposure could 
induce calcification in or around matrix vesicles that are pro- 
duced constitutively by tubule cells in the inner medulla of 
the kidney, or whether, as a perhaps subtle form of damage, 
phosphate increases matrix vesicle production would be a 
fruitful area of future study. 


6.8.4 Hyperuricosuria 


Of course, uric acid crystals by themselves are very inflam- 
matory. Consequently, deposition of such crystals would be 
expected to induce renal injury. Even mild hyperuricemia, 
however, appears to induce endothelial injury mediated by 
ROS, apparently through reduction of nitric oxide availabil- 
ity.” Whether renal tubules are susceptible in this way is 
unclear, however, as is well known, hyperuricosuria is a risk 
factor for calcium oxalate stone disease.” This has generally 
been attributed to several factors, including promotion of 
heterogeneous nucleation by uric acid or monosodium urate, 
blocking of some of the inhibitory effects of urine macro- 
molecules on calcium oxalate crystal formation, or a lower- 
ing of the limit of metastability for calcium oxalate by uric 
acid.” However, exposure of renal tubule cells to either uric 
acid crystals or soluble uric acid also appears to enhance 
attachment of COM.” 


6.9 Conclusions 


The role of the interaction of crystals or other solid constitu- 
ents of stones with cells or renal tissue is complex. At the 
sites at which stones are observed in the kidney or urinary 
tract, there ordinarily appears to be resistance to the fixation 
of this material, although they may adhere to and be taken up 
more readily by cells outside of the kidneys or urinary tracts. 
Even within the urinary tract, crystals or solids may adhere 
to and be taken up by proximal tubule cells rather than by 
those in the collecting duct or the urothelium. Crystalline 
material may also form within interstitial spaces. Whether by 
deposition and attachment from tubular fluid or formation 
outside of cells, some form of cell or tissue damage may be 
a prerequisite. While the crystals or solids themselves may 
induce cellular changes, other conditions such as hyperox- 
aluria may induce changes that facilitate crystal adherence. It 
appears that attachment is mediated by specific molecules 
that appear on the cell surface or are constituents of extracel- 
lular matrix when cell injury or tissue damage occurs. These 
molecules have functional groups that permit an interaction 
with molecular components of crystals. The best described 
of these is the interaction between carboxyl groups and the 
(100) face of COM. 

Figure 6.10 illustrates the interaction of crystals or solids 
with renal tissue as the author of this chapter envisions its role 
in the pathophysiology of nephrolithiasis. The schematic 
drawing shows a representation of COM crystals that presum- 
ably formed within a tubule adhering either to intact cells (in 
the absence or presence of subtle alterations in function or 
injury, cells that have undergone apoptosis, or areas of the 
tubules that have become denuded of cells. These crystals 
would have formed by nucleation in tubular fluid supersatu- 
rated with stone constituents or, as has been proposed by Khan 
and coworkers, on cell fragments within tubules. Presumably, 
other types of crystals, such as uric acid or cystine, can also 
form in this way and become fixed to the tubule wall. The 
crystals that are adherent to tubule cells could grow by agglom- 
eration of other crystals floating by or by secondary nucle- 
ation on their surfaces, eventually forming a clinical stone by 
erosion or extension to the papillary tip or surface. These crys- 
tals can also be engulfed by cells resulting in their movement 
to the interstitium. There they may be actively transported 
within monocytic cells to the papillary surface, where they 
erode and form the nidus for a clinical stone. Alternatively, 
calcification in the form of hydroxyapatite may occur in the 
basement membranes of loops of Henle, perhaps through cal- 
cification of apoptotic bodies or matrix vesicles shed from 
injured cells. As proposed by Evan and coworkers, these form 
the basis of the clinically observed Randall’s plaques. The 
erosion of plaques through the papillary surface, in their view, 
provides the nidus for deposition of calcium oxalate. 
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Fig. 6.10 Interaction of calcium 

oxalate and hydroxapatite with (©) 
renal tissue in the pathophysiol- 

ogy of nephrolithiasis. See text COM Attached to 

for description. Micrograph of Denuded Basement 
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Randall’s Plaques 


Michel Daudon, Olivier Traxer, James C. Williams Jr, 
and Dominique C. Bazin 


Abstract First described by Alexander Randall in the 1930s, carbapatite plaques formed in 
the interstitium of the inner medulla are now a major cause for calcium oxalate stone formation 
in western countries. At least 50% of all calcium stone formers (and even more than 75% of 
patients in the United States) exhibit such calcified deposits beneath and at the surface of the 
papillary epithelium as observed by endoscopic examination of kidney papillae. On the other 
hand, a majority of spontaneously passed calcium oxalate monohydrate stones exhibit a peculiar 
morphology suggestive of stone nucleation from a Randall’s plaque. The stones developed from 
a papillary plaque are easily identified by microscopic examination due to the presence of a 
concave, depressed zone (“umbilication”) at their surface, which corresponds to the attachment 
site at the tip of the papilla. The origin of the calcified deposits is the basement membrane of 
the deep thin Henle’s loops. Calcium phosphate then spreads out through the interstitium of the 
inner medulla. The mechanisms involved in the formation of these plaques are not yet entirely 
clarified. Metabolic examination of urine suggests a predominant role of hypercalciuria in 
concordance with a high urine pH and a high phosphate concentration in the interstitium and a 
possible link with diet. Low diuresis is another factor often found in patients who exhibit stones 
developed from a Randall’s plaque. As observed by electron microscopy from both tissue and 
stones, it appears that Randall’s plaques may extend around the vasa recta and collecting ducts, 
which may be pulled out of the tissue when the stone breaks away from the papilla. 


papillae in 65 kidneys; i.e., in 5.6% of renal units. Furthermore, 
he noted that interstitial plaques had lost their epithelial cover 
at the site of calculus anchorage, and that detached stones 
exhibited a concave, depressed zone at their surface, with traces 
of the same calcium phosphate material as plaques, thus likely 
to correspond to the attachment site to the papilla (Fig. 7.1). 

In the same period, other authors confirmed the findings 
of Randall in autopsy studies. Rosenow‘ found plaques in 
22.2% of 239 kidneys, whereas Anderson? observed plaques 
in 12% of kidneys in a series of 1,500 necropsies. In South 
Africa, Vermooten® examined 1,060 pairs of kidneys and 
found Randall’s plaques in 17.2% of Caucasians and only 
4.3% of Bantus — a finding in keeping with his observation 
of the lower incidence of calcium nephrolithiasis in the local 
population of African descent than Caucasian descent. 

Papillary calcifications were seen in the subepithelial 
interstitial tissue together with collagen fibers, and were not 
found in the lumen of collecting ducts.’ These seminal works 


7.1 Historical Perspective 


Seven decades ago, the American urologist Alexander 
Randall’ first proposed that papillary pathology was at the ori- 
gin of renal calculi. When examining kidneys from autopsy of 
1,154 unselected subjects, he observed in 19.6% of them a 
peculiar lesion, in the form of whitish or cream-colored small 
flat areas near the tip of papillae, which he termed “plaques.” 
Light microscopy revealed that these plaques were located 
beneath the epithelium of papillae in the interstitium of the 
inner medulla, and were not observed in tubular lumens. 
Chemical analysis showed that they were made of calcium 
phosphate deposits. Randall’s hypothesis that such deposits 
would constitute a nidus for stone formation was confirmed by 
the finding of small calculi attached to plaque at the tip of 
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were largely ignored during the four subsequent decades, but 
a renewed interest for Randall’s plaques recently followed 
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Fig. 7.1 Whewellite stone harboring a whitish Randall’s plaque made 
of carbapatite (white arrow) in the depressed area (“umbilication”) 


the development of techniques allowing direct visualization 
of renal cavities by means of ureterorenoscopy. 


7.2 Prevalence of Randall’s Plaques 
and Umbilicated Calculi 


Two decades ago, the Spanish urologist Cifuentes-Delatte 
and coworkers examining 500 consecutive calculi by means 
of scanning electron microscopy and X-ray diffraction cou- 
pled with infrared spectroscopy observed that 142 of the cal- 
culi (28.4%) exhibited a concavity characteristic of a 
papillary origin.’ In 61 (43%) of these umbilicated calculi, 
plaques were typically made of apatite, some of them show- 
ing calcified collecting ducts.’ 

Among 45,774 calculi referred to the Necker hospital stone 
laboratory over the past 3 decades, morphologic examination 
coupled with Fourier transform infrared spectroscopy (FTIR) 
identified 8,916 (19.5%) umbilicated calculi,'° most of which 
(92.5%) were made of calcium oxalate monohydrate (COM, 
whewellite) either pure (Fig. 7.1) or admixed with calcium 
oxalate dihydrate (COD, weddellite) as observed in Fig. 7.2. 

Thus, stone examination in large series of patients shows a 
prevalence of about 20% of calculi harboring a typical umbil- 
ication characteristic of a papillary origin, with calcium phos- 
phate (mainly carbapatite) being the major component of 
Randall’s plaques in 90% of cases.” Of note, in the recent 
years, stones harboring an umbilication were found to be 
three times more frequent than at the beginning of the 1980s 
and patients were younger and younger.'' In our experience, 
39% of all spontaneously passed stones had a typical umbili- 
cation on their surface and 61% of passed COM stones were 
umbilicated and were developed from a Randall’s plaque. 


Whewellite 


Weddellite 


Fig. 7.2 Calcium oxalate stone in a hypercalciuric patient. The stone is 
made of both whewellite (calcium oxalate monohydrate) and weddellite 
(calcium oxalate dihydrate), the former being at the contact of the 
Randall’s plaque (PR) 


Direct evidence of the papillary origin of calcium oxalate 
stones in highly selected series of patients was recently pro- 
vided by detailed endoscopic examination of renal papillae 
during percutaneous nephrolithotomy (PCNL) or uretero- 
scopic procedures. In 1997, Low and Stoller’? observed the 
presence of Randall’s plaques on one or more papillae in 74% 
of 57 stone formers treated with PCNL or ureteroscopy, the 
prevalence being 88% for calcium oxalate stones. Matlaga 
et al. examined by digital imaging 172 renal papillae in 23 
patients with idiopathic calcium oxalate nephrolithiasis under- 
going PCNL. Virtually, all papillae (91%) were found to har- 
bor plaques and half of papillae had attached calculi. Digital 
imaging provided undisputable evidence of stone attachment 
to plaque. Furthermore, the same group showed that patients 
with more stones also had a higher fraction of their papillae 
covered by plaques.'* However, epidemiological differences in 
the occurrence of Randall’s plaques may be observed accord- 
ing to the investigated population. Recent reports from 
European countries suggest that Randall’s plaque could be 
less frequent in Europe than in the United States. In Italy, 
Ruggera et al. reported the occurrence of Randall’s plaque in 
44.4% of 27 stone formers who underwent ureterorenoscopy or 
percutaneous nephrolithotomy and renal papillae biopsy." 

In France, Traxer et al.” examined papillary morphology in 
462 patients who underwent flexible ureterorenoscope either 
for kidney stone disease or for another pathologic condition 
(urothelial tumor, ureteral stenosis, or unexplained hematu- 
ria). They used only flexible ureterorenoscopy of new genera- 
tion for an optimal observation of renal cavities (Flex-X2 Karl 
Storz, DUR-8E GYRUS-ACMI, URFP5 Olympus). 

For this study, they describe four types of Randall’s 
Plaques (Fig. 7.3) in comparison with the normal aspect of 


“OT, personal unpublished data 
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Type 1 


Type 2 


Type 3 


Type 4 


Fig.7.3 Schematic classification of Randall ’s plaque related to the sur- 
face of the papilla covered by calcium phosphate deposits. All calices 
may be similarly affected by Randall’s plaque 


Fig. 7.4 (a) Normal papilla; 
(b-—d): increasing amounts of 
surface plaque (white deposits) 
on papilla of three CaOx stone 
formers; (b) example of moderate 
calcium phosphate deposits 
scattered at the surface of a renal 
papilla; (c) more abundant 
deposits covering less than 
one-third of the papilla surface; 
(d) extensive Randall’s plaque 
covering more than two-third of 
the surface area of a papilla 


renal papillae. Type | represents very tiny calcifications on the 
surface of the renal papillae. Type 2 represents calcifications 
occupying less than one-third of the surface of the papillae. 
Type 3 represents calcifications occupying at least two-third 
of the surface of the papillae. Type 4 represents a stone fixed 
on the surface of renal papillae. Figure 7.4 illustrates an 
example of normal papilla and different degrees of Randall’s 
plaques. In the case of wide plaque covering more than two- 
third of the surface of the papilla, a characteristic concavity 
may be observed (Fig. 7.4d). Using new generation ureter- 
orenoscopes, it is now common to observe stones fixed on 
the plaque (Fig. 7.5). 

Among the 289 stone formers, they found Randall’s 
plaques in 57% (164 patients) corresponding to the presence 
of calcifications on one or more papillae. Sixty-four percent 
of patients with Randall’s plaques were male. Randall’s 
plaques were presented on all renal papillae in 54% of 
patients (upper, mid, and lower pole). According to their 
classification, 40% of patients had Randall’s plaques type 1, 
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Fig. 7.5 Two examples of 
calcium stones anchored to a 
Randall’s plaque. (a) small 
calcium stone fixed to a Randall’s 
plaque (arrow). Note the presence 
of other calcium phosphate 
deposits on the right side 
(arrowhead). (b) Piece of a stone 
(thick arrow) that was anchored to 
the left side of an extensive 
Randall’s plaque. The stone was 
broken during ureterorenoscopy 
procedure. Note the small tissue 
lesion (red area) corresponding to 
the anchorage of the stone (thin 
arrow) and the plaque that covers 
a large surface area of the papilla 
(arrowheads) 


26% type 2, and 15% type 3. Presence of a stone fixed on 
renal papillae (Type 4) was observed in 19% of patients. 

Such plaques were visible in only 27% (48 patients) of the 
173 nonstone forming patients with the following reparti- 
tion: 69% type 1, 10% type 2, 6% type 3, and 15% type 4. 
Randall’s plaques were present on all renal papillae in 62% 
of these patients. 

Thus ureterorenoscopic investigations provide evidence that 
Randall’s plaques are frequent, mainly found in stone former 
patients, and are highly associated with stone formation. 

Due to the new developments in terms of optics for flexi- 
ble ureterorenoscopes (digital technology), exploration of 
renal cavities is more and more complete. These improve- 
ments allow the urologist today to describe precisely the 
intrarenal collecting system and particularly the Randall’s 
plaques in terms of type and repartition, which could be a 
valuable help for assessing the risk of stone recurrence in a 
given patient. 

All these studies validate and even reinforce the seminal 
concept of Randall that papillary plaques are at the origin of 
a substantial proportion of kidney stones. 


7.3 Origin of Randall’s Plaques 


The initial site of plaques has been shown to be in the base- 
ment membrane of the thin loops of Henlé’* in the form of 
small round particles in the nanometric range with concen- 
tric mineral and organic layers best seen by transmission 
electron microscopy (Figs. 7.6 and 7.7). These particles then 
spread into the surrounding interstitial space, associated with 
type 1 collagen (Fig. 7.8). Subsequently, particles fuse 
together with collagen in such a manner that the mineral 
phase is coated with organic matrix. Of note, plaques 


Fig. 7.6 Initial sites and size of calcium deposition in the papillary 
tissue of a CaOx patient as seen by light microscopy. Sites of crystal- 
line material (arrows) are noted in the basement membranes, near the 
collagen of the thin loops of Henle. Calcium deposits may be seen 
also in the interstitium. Magnification x 1,000 (Reproduced with per- 
mission from!) 


without stones remain covered by an intact epithelial layer, 
which itself is covered by a glycoprotein coat; whereas a 
plaque that has lost its epithelial layer indicates the site where 
a stone had been attached. 

By high-resolution micro FTIR and electron diffraction, 
the mineral component of plaque particles was identified as 
calcium phosphate in the form of apatite.'° In contrast, 
although calculi were made of calcium oxalate, oxalate crys- 
tals were never found either in the renal interstitium or in 
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Fig. 7.7 Aspect of calcium deposits in the basement membranes 
of the thin loops of Henle as seen by transmission electron microscopy. 
Crystalline material appears as spherules composed of concentric 
alternate clear (mineral) and dark (organic material) layers. Magnification 
x 15,600. Inset, image confirmed that crystal site was associated with 
thin loops of Henle collagen. Magnification x 25,000 (Reproduced with 
permission from!) 


Duct of Bellini 


Fig. 7.8 Papillary biopsy specimen from a patient with calcium oxalate 
calculi as seen by low power light microscopy. Calcium deposit sites 
(arrows) were stained black by Yasue metal substitution method for 
calcium histochemistry. Magnification x 100 (Reproduced with permis- 
sion from!’) 


plaques.'*'® By immunochemistry, the organic component of 
plaques was shown to contain osteopontin’® and interalpha- 
trypsin inhibitor heavy chain 3.”° 


7.4 Mechanism of Plaque-Associated 
Stone Formation 


The mechanisms by which calcium oxalate stones grow on 
apatite plaques have been elucidated by study of the ultra- 
structure of the plaque-stone interface in small calculi that 
could be extracted along with its underlying papillary tissue.'* 
Papillary epithelium was disrupted at the attachment site. 
The denuded plaque was covered by ribbon-like layers of 
alternating lamina of apatite crystals and organic material, 
on the external face of which were found pure calcium 
oxalate crystals, as shown by FTIR. Immunohistochemistry 
revealed that osteopontin was present simultaneously in 
plaque, interface, and stone, whereas Tamm-Horsfall protein 
was present only on the urine side of the interface. Thus, the 
protein material present at the surface of plaques serves as 
the anchoring point for calcium oxalate crystals adhesion, 
followed by calcium oxalate crystals accretion and stone 
formation.*!” 

This lithogenic mechanism, summarized in Fig. 7.9, 
appears to be unique to idiopathic calcium oxalate stones. 
Indeed, calcium oxalate stones formed in obese patients 
following bariatric procedures, or brushite stones formed in 
other patients, exhibited different histopathological find- 
ings.” Calcium stones developed in obese patients following 
bypass surgery had apatite crystals in lumens of collecting 
ducts with associated cell injury but not in the interstitium 
and had no visible papillary plaques.'® Brushite stone formers 
had even more severe renal changes with both Randall’s 
plaques and yellowish intraluminal apatite deposits in 
Bellini ducts,” as already reported by Randall as his type 2 
form of plaques.’ In addition, in patients with primary hyper- 
parathyroidism and calcium phosphate stones, Evan et al.” 
recently reported abundant apatite deposits plugging dilated 


Calcium oxalate lithogenesis from Randall’s plaque 
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Fig. 7.9 Schematic representation of the successive steps for calcium 
oxalate stone formation from a Randall’s plaque. [ ] designates the con- 
centration of the corresponding solute; CaOx SS = calcium oxalate 
supersaturation 


Calcium oxalate stone 


108 


M. Daudon et al. 


collecting ducts together with large interstitial deposits 
of Randall’s plaques with attached stones, thus showing 
that these two patterns may coexist according to etiological 
factors. 

Study of Randall’s plaques present in the umbilication of 
papillary stones by means of scanning electron microscopy 
(SEM) coupled with FTIR analysis has allowed us to better 
characterize the structure of plaques at the mesoscopic scale. 
In particular, these techniques allow one to identify the vari- 
ous types of minerals involved in plaque composition, namely 
carbapatite, which is the commonest phase, and other cal- 
cium phosphates such as amorphous carbonated calcium 
phosphate, whitlockite, brushite; and sometimes purines 
such as sodium hydrogen urate or uric acid; and obviously 
COM and COD. These techniques also allow determining 
the respective localization of the components in the plaque. 
A total of 25 calcium oxalate kidney stones were examined 
by light microscopy, FTIR, and SEM. As shown in Fig. 7.10, 
the plaque anchored to the stone may be tiny, or in contrast 
bulkier, harboring calcified renal tubules. 

Three main observations were made. First, as observed by 
SEM examination of Randall’s plaques anchored to sponta- 
neously passed calcium oxalate stones (Fig. 7.11), calcium 
phosphate deposits of carbapatite likely coming from the 
neighboring collecting ducts may cover the surface of the 
papillary epithelium. Second, the first mineral phase of cal- 
cium oxalate calculi (either made of COM or of COD as the 
main component) affixed onto the carbapatite is almost 
always COM. As observed in Fig. 7.12, large randomly ori- 
ented COM crystals are trapped on a phase made of carbapa- 
tite crystals embedded in proteins acting as a “glue.” Even in 
stones made of an admixture of monohydrate and dihydrate, 
very large octahedral crystals of COD visually hang on COM 
crystal layers. Such size difference between carbapatite crys- 
tals and calcium oxalate crystals, together with the random 
distribution of COM or COD crystals inserted onto the car- 
bapatite Randall’s plaque make unlikely the hypothesis of 
epitaxial growth of calcium oxalate crystals on calcium 
phosphate crystals, in agreement with the observations made 
by other authors in crystallization studies.*”° Instead, they 
support the role of a protein interface between the two min- 
eral phases, as suggested by Evan et al.'* Third, several 
umbilicated calcium oxalate calculi exhibited a calcium phos- 
phate plaque together with empty or filled cylindric channels 
(Fig. 7.11), which correspond both to calcified Bellini’s ducts 
and vessels embedded in an extensive plaque, the former 
being either empty or filled with carbapatite. The latter situ- 
ation suggests the intervention of a dual lithogenic mechanism, 
involving both interstitial and luminal calcium phosphate 
particles deposition, as shown in brushite stone formers.” 

An interesting approach for examining stones with 
Randall’s plaque is analysis of stones using micro CT.” 
This nondestructive technique offers the opportunity of 
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Fig. 7.10 Scanning electron micrographs showing two examples of 
calcium oxalate monohydrate stones developed from a Randall’s 
plaque: (a) small plaque (arrow) observed at the surface of a spontane- 
ously passed stone; (b) bulky plaque with calcified tubules (arrows) at 
the surface of a stone removed by ureteroscopy 


visualizing the stone composition and the distribution of the 
components and provides very nice images of Randall’s 
plaque, even when the plaque is coated by calcium oxalate 
layers. Based on 3D-reconstructions, the stone morphology 
may be accurately obtained as illustrated in Figs. 7.7 to 7.13. 
This figure shows several of the features already described for 
stones formed on Randall’s plaques. The carbapatite region of 
the stone shows up distinctively because its calcium phos- 
phate content makes it absorbs X-rays better than other stone 
minerals.” Note in panel A that the carbapatite region extends 
well into the stone, which is consistent with the addition of 
apatite from the urine, as described by Evan et al.'* In panel 
B, it can be seen that this carbapatite region is exposed within 
a concave region of the stone, where the stone was attached 
to papillary plaque. It is not possible to tell (at least at the 
present time) which portion of this carbapatite region may be 
composed of Randall’s plaque that pulled away from the renal 
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Fig. 7.11 Scanning electron micrograph of a Randall’s plaque anchored 
to a calcium oxalate monohydrate stone. The plaque appears as a com- 
plex structure containing calcified tubules and vessels (white arrows), and 
tubules filled by carbapatite plugs (red arrows). The smooth part of the 
plaque (white arrowhead) suggests that a layer of carbapatite, probably 
issued from neighbouring tubules, has covered the papilla epithelium 


Fig. 7.12 Interface area between a Randall’s plaque and a calcium 
oxalate monohydrate stone as seen by scanning electron microscopy. 
The micrograph shows randomly distributed calcium oxalate monohy- 
drate crystals (right) trapped in the carbapatite of Randall’s plaque 
(left). Note the presence of carbapatite spherules (black thin arrow) that 
appear joined by an unstructured material, identified as proteins by 
infrared spectroscopy (white arrowheads), which acts as a glue to fix 
CaOx crystals (red thick arrows) 


tissue, and this small stone did not show evidence of calcified 
tubules in the carbapatite region (see below), which some- 
times can be visualized using micro CT or other techniques 
such as scanning electron microscopy. 

In the slice through the stone shown in panel A, it can also 
be seen that the first material laid down over the carbapatite 


region was COM, which shows a slightly greater X-ray 
attenuation than does the COD, which composes the polyhe- 
dral crystals at the surface of the stone. 

Indeed, scanning electron microscopy examination of 
Randall’s plaque provides evidence that most plaques 
observed at the surface of calcium oxalate stones are the 
result of a triple mechanism: 


e First, an interstitial deposit of carbapatite initiated in the 
basal membrane of the long Henle’s loops, as showed by 
Evan et al., and secondarily spread out in the inner 
medulla toward the vasa recta, the renal tubules, and the 
papilla epithelium 

e Second, after disruption of the epithelium, the deposit 
may be covered by laminates of new calcium phosphate 
deposits and macromolecules originated from the 
urine!® 

e Finally, as suggested by our SEM photographs and infra- 
red analysis of Randall’s plaque from umbilicated urinary 
COM calculi, the plaque may accumulate calcium phos- 
phate deposits expelled from the lumen of local distal 
tubules and it may also be formed by plugs of carbapatite 
from neighboring distal tubules (Fig. 7.11) 


Moreover, the photomicrographs suggest that most tubules 
covered by the Randall’s plaque are surrounded by carbapa- 
tite deposits, which impair the exchanges between the tubule 
and the interstitium, probably making the tubule not func- 
tional. As it can be seen in Fig. 7.11, when the stone is break- 
ing away from the papilla, it pulls out the calcified ends of 
the tubules, thus creating an irreversible damage of the tis- 
sue. These observations can help to explain why the carbon- 
ation rate of carbapatite in Randall’s plaque is markedly 
variable, as observed by infrared analysis. Actually, among 
416 umbilicated stones with carbapatite Randall’s plaque, 
we found a high carbonation rate (©20%) of carbapatite in 
47% of cases, a finding in agreement with the physicochemi- 
cal conditions in the medulla, where the bicarbonate concen- 
tration is high. However, in 35% of cases, the carbonation 
rate was less than 15% and even less than 9% in 17% of 
cases. This low carbonate content suggests that the corre- 
sponding carbapatite, or at least a part of it, did not originate 
from the medullary interstitium but more probably from the 
urine discharged by the tubules. 


7.5 Risk Factors for Randall’s 
Plaque Formation 


In their initial study of 15 patients with recurrent idiopathic, 
pure calcium oxalate nephrolithiasis, Evan et al.'° observed 
that, compared with normal subjects, they had higher urine 
calcium levels and supersaturation with respect to calcium 
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Fig. 7.13 Micro-CT images 
of a calcium oxalate stone > 
developed from a Randall’s A. Micro CT slice 
plaque showing calcium 
phosphate region 
(white) and two shades 
of calcium oxalate 
regions (whewellite, 
COM, and weddellite, 
COD). Stone is about 
1.9mm across, and 
pixel size is 7.3um. 


A 


B. Surface rendering 
of the stone, oriented 
to look down into 
concavity of stone, 
showing exposed 
Randall's plaque 
material (white) 


oxalate and calcium phosphate. In the same group, Kuo 
et al.” analyzed the correlation between the fraction of papil- 
lary surface occupied by plaques and urinary parameters in 
14 idiopathic calcium oxalate stone formers and four con- 
trols. A low daily urine volume and a high daily calcium 
excretion were the only parameters significantly associated 
with increasing plaque coverage. Accordingly, Kim et al." 
showed that stone formation is proportional to papillary sur- 
face coverage by Randall’s plaques. This finding is in keep- 
ing with the high prevalence of idiopathic hypercalciuria in 
idiopathic calcium oxalate stone formers.*! Moreover, Curhan 
et al.” identified daily urinary volume and calcium excretion 
as the only parameters significantly associated with stone 
incidence; and we identified a daily urine volume lower than 
2 Land a urine calcium concentration higher than 3.8 mmol/L as 
the only parameters associated with calcium oxalate crystal 
formation and stone recurrence in idiopathic calcium oxalate 
stone formers.” 


D. Slice shown in panel C 
with surface rendering 
image removed. This 
displays the orientation of 
the slice in panel A as it 
would be within the surface 
rendering in panel B. WY 


< 


C. Slice shown in 
panel A placed within 
surface rendering of 
panel B 


The physicochemical environment in the interstitium of 
the inner medulla favors calcium phosphate supersaturation 
around the tip of Henle’s loops, especially in the presence of 
hypercalciuria and low urine output. Indeed, in conditions of 
antidiuresis, the pH increases in the inner medulla, together 
with calcium and phosphate concentration in the intersti- 
tium,” thus favoring the precipitation of calcium phos- 
phate.” In addition, during antidiuresis, the hyaluronic acid 
content decreases in the inner medulla,” thus reducing its 
availability to act as an inhibitor of crystallization,***’ and 
results in increased concentration of solutes in the intersti- 
tium, due to its properties as a mechano-osmotic transducer.*° 
In the absence of a suitable animal model of Randall’s 
plaque,”' the intimate molecular mechanism leading to depo- 
sition of small carbapatite particles in the basement mem- 
brane of thin loops of Henlé remains to be elucidated. Indeed, 
these particles closely resemble the so-called nanobacteria, 
which have recently been found to be self-propagating 
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mineral complexes made of fetuin (“nanons”) (and not living 
organisms), as recently shown by Raoult et al.,*! and both 
fetuin and nanons were evidenced in human renal calculi. 

Because fetuin plays a regulatory role in tissue mineraliza- 
tion, such finding suggests that formation of apatite particles in 
the epithelial cells of Henle’s loops might represent an epithe- 
lial-to-mesenchymal transdifferentiation process in the kidneys, 
as already observed in arterial walls. Factors inductive of such 
a process in stone formers remain to be elucidated. 


7.6 Implications for Clinical Practice 


The recent demonstration of an important role for Randall’s 
plaques in the formation of calcium oxalate stones has implica- 
tions for both a better understanding of the lithogenic process 
and for the clinical management of nephrolithiasis patients. 

Direct visualization of renal papilla is available only if 
PCNL or ureteroscopy procedures are required for stone 
treatment, whereas nearly 80% of calcium oxalate stones are 
spontaneously passed. Therefore, morphologic examination 
of stones is a simple and reliable means for identifying 
umbilicated calculi, which reflect a papillary origin. “+t In 
addition, FTIR analysis of the plaque and other parts of the 
stone provides information about the composition of the 
plaque itself and surrounding parts of the stone. 

In view of the close relationship between a high urine con- 
centration of calcium and presence of Randall’s plaques, find- 
ing of a carbapatite plaque in an umbilicated calcium oxalate 
calculus orients one toward the hypothesis of underlying 
hypercalciuria and/or low fluid intake (which by itself increases 
urinary concentration of both calcium and oxalate). 

However, not all calcium oxalate stones formed by hyper- 
calciuric patients harbor an umbilication. Therefore, other 
factors contributing to increase in interstitial pH, such as 
potassium depletion% should also be searched for. 


7.7 Conclusions 


In conclusion, there is renewed interest in Randall’s plaques 
as initiating factors of calcium oxalate stone formation, in 
relation with hypercalciuria. Randall’s plaques, made of car- 
bapatite, extrude at the tip of papillae, onto which calcium 
oxalate monohydrate crystals adhere and grow. Accordingly, 
calcium oxalate stones developed on a Randall’s plaque 
exhibit a characteristic depression (“umbilication’”) easily 
detected by morphologic examination of calculi. Such find- 
ing orients toward the search for hypercalciuria, in addition 
to hyperoxaluria, in calcium oxalate stone formers. 
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Dietary Factors 


Roswitha Siener 


Abstract Inappropriate dietary habits and overweight are suggested to promote the worldwide 
increasing incidence and prevalence of urolithiasis. Nutrition plays an important role in uri- 
nary stone formation, especially in calcium oxalate, uric acid, calcium phosphate, and cystine 
urolithiasis. Specific dietary factors can alter urinary composition and supersaturation, which 
can affect the process of crystallization and stone formation. Adequate dietary treatment can 
contribute to an effective prevention or reduction of stone recurrences and decrease the burden 
of invasive measures in patients with recurrent stone disease. The current knowledge of the 
impact of dietary factors on the risk of stone formation is presented. 


8.1 Introduction 


The prevalence and incidence of urinary stone disease in 
industrialized countries has markedly increased during the 
last decades. The prevalence of urolithiasis in the United 
States was estimated to be 5.2% during the years 1988- 
1994, compared to 3.8% from 1976 to 1980.' In Japan, the 
prevalence increased from 4.0% to 5.4% within 10 years, 
corresponding to a rise of 35%.’ In Germany, a marked 
increase in the prevalence from 4.0% to 4.7% and a rise in 
the incidence of stone disease from 0.54% to 1.47% was 
observed between 1979 and 2001.* Because of its influence 
on hydration status and urine volume, global warming has 
been estimated to result in a further increase in kidney stone 
disease by 2050.* 

Inappropriate dietary habits and overweight are suggested 
to promote the worldwide increasing incidence and preva- 
lence of urolithiasis. Nutrition plays an important role in 
urinary stone formation. Specific dietary factors can alter 
urinary composition and supersaturation, which can affect 
the process of crystallization and stone formation. This chapter 
reviews the current knowledge of the impact of dietary factors 
on the risk of stone formation. 
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8.2 Fluid Intake 


One of the most important dietary measures for the prevention 
of stone recurrence is a sufficient urine dilution accomplished 
by an adequate fluid intake. A high fluid consumption increases 
urine volume and reduces the risk of stone formation by low- 
ering the urinary activity product ratio (supersaturation) of 
stone-forming constituents.’ Increased urine dilution might 
also exert its antilithogenic effect by reducing the renal intra- 
tubular transit time, thereby favoring the expulsion of the 
nuclei and inhibiting the formation of Randall’s plaques.° 

Thus, diminished urine dilution is an important risk factor 
for urinary stone formation. Low urine volume mainly results 
from inadequate fluid intake, increased respiratory-cutaneous 
water loss, or diarrhea. Any condition that brings on chronic 
dehydration like high ambient temperatures, high degree of 
physical activities, and insufficient replacement of water 
losses, increases the risk of stone formation. Inadequate fluid 
intake has been presumed to contribute to the high frequency 
of stone disease in areas with a hot climate.” In addition, 
certain types of work activity and physical exercise, which 
expose to excessive extrarenal fluid losses, are characterized 
by a higher risk of stone formation.?-'° 

Epidemiological studies have demonstrated that increased 
fluid intake reduces the risk of urinary stone formation. In a 
prospective study of a cohort of 45,619 men, who had no his- 
tory of urolithiasis, an inverse association between fluid 
intake and the risk of stone formation was observed after 4 
and 14 years of follow-up, respectively.'*!> After adjustment 
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for other potentially confounding variables in the multivari- 
ate analysis, the relative risk for the men in the highest (>2.5 
L/day fluid intake) as compared with the lowest quintile 
group (<1.3 L/day fluid intake) was 0.71 — a 29% reduction 
in risk. These findings in men were consistent with results of 
two prospective studies among women.'®'’ 

A prospective, randomized study in stone formers exam- 
ined the impact of high fluid intake in preventing recurrence of 
stones." Idiopathic first-time calcium oxalate stone formers 
were randomly assigned to two different groups. Patients in 
the intervention group were advised to increase fluid intake to 
at least 2 L/day, while patients in the control group received no 
specific instructions. During a 5-year follow-up, the patients in 
the intervention group with significantly higher urine volumes 
had a recurrence rate of 12% compared with 27% in the con- 
trol group with no changes in fluid intake. Furthermore, the 
time interval before the onset of a recurrence was significantly 
longer in patients on a high water intake. Thus, observational 
and interventional trials confirm that high fluid intake is the 
initial therapy for the prevention of stone recurrences. 

For the majority of stones, fluid intake should be adjusted 
to achieve a consistent urine volume of at least 2 L/24h. In 
patients with cystine stone disease, excessive urine dilution 
is necessary for a successful metaphylaxis. To remain below 
the critical limit of cystine solubility, urine volume should be 
at least 3.5 L/24h."° 

Although a high fluid supply has been demonstrated to 
decrease the incidence of urolithiasis, data from observa- 
tional and interventional studies on the effect of specific bev- 
erages on the risk of urinary stone formation are conflicting. 


8.2.1 Citrus Juices 


Citrus juices are rich sources of citric acid and potassium, 
which may enhance urinary pH and citrate excretion and 
thus reduce the risk of calcium oxalate, uric acid, and cystine 
stone formation. Ingested citrate is absorbed in the intestine 
and nearly completely metabolized to bicarbonate, providing 
an alkali load, which in turn increases urinary citrate excre- 
tion.” Orange, grapefruit, and lemon juices are among the 
most commonly consumed citrus juices. 

Whereas two observational studies conducted by Curhan 
et al. (1996, 1998) revealed a positive association between 
grapefruit juice intake and risk of stone formation in men and 
women,”'”? no changes in lithogenicity were observed by 
Goldfarb and Asplin (2001) in healthy men and women.” On 
the contrary, Hönow et al. (2003) found a reduction in the risk 
of calcium oxalate crystallization in healthy subjects, which 
was mainly due to a significant rise in urinary citrate excre- 
tion.” Grapefruit juice contains naringin, which is known to 
influence intestinal enzymes, but the mechanism for the 


increased risk of stone formation observed in epidemiological 
studies is unknown. 

Although orange juice has been demonstrated to increase 
urinary pH and citrate excretion, no significant decline in the 
calculated relative supersaturation for calcium oxalate was 
observed in interventional studies.” In accordance with 
these results, no association between the consumption of 
orange juice and the risk of stone formation was found in 
prospective cohort studies in men and women.’!”” 

Data from a prospective cohort study over 12 years sug- 
gested a positive association between the intake of orange 
juices and oranges, respectively, with the risk of gout in 
men.” However, interventional trials revealed a significant 
decrease in urinary undissociated uric acid levels and the 
relative supersaturation for uric acid.” 

Of the most commonly consumed citrus juices, lemon 
juice appears to have the highest concentration of citric acid. 
The intake of lemon juice, with a nearly five times higher 
citrate concentration compared to orange juice, led to a two- 
fold rise in urinary citrate levels in a short-term trial in patients 
with hypocitraturic calcium nephrolithiasis.** A retrospective 
evaluation of long-term lemonade therapy in patients with 
mild to moderate hypocitraturia confirmed these findings.” 
However, a randomized cross-over study in 21 stone-forming 
patients failed to detect significant improvements in urinary 
citrate excretion with lemonade use.” 

The inconsistent results between the clinical trials could 
be explained by differences in the populations and the dosing 
of potassium and citric acid. Analysis of the citric acid con- 
centration of various fruit juices revealed a higher citric acid 
content of lemon and lime juices, both from the fresh fruit 
and from juice concentrates, than orange juice from the fresh 
fruit and orange juice, grapefruit juice, and lemonade from 
ready-to-consume products.*! 


8.2.2 Other Fruit Juices 


Besides citrus juices many other fruit juices — like apple, cran- 
berry, and blackcurrant juices — contain considerable amounts 
of citric acid. In observational studies conducted by Curhan 
et al. (1996, 1998), a positive association between apple juice 
intake and the risk for stone formation has been shown in men 
but not in women.*!” Substituting 1 L apple juice for water in 
healthy female volunteers, Hönow et al. (2003) observed a 
significant increase in urinary pH, potassium, and citrate 
excretion, but failed to find a significant difference in the 
calculated supersaturation with calcium oxalate.” 

The literature regarding the effect of cranberry juice on 
urinary stone risk factors has likewise yielded conflicting 
results. Urinary oxalate has been reported to be increased,” 
decreased,” or unchanged™ in healthy subjects and to be 
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increased in calcium oxalate stone formers.” Urinary citrate 
excretion has been shown to be unchanged**™ or increased”? 
in healthy subjects and to be unchanged in stone formers.** 
Overall, the risk of calcium oxalate stone formation was 
reduced” or unaffected**** by cranberry juice consumption 
in healthy subjects but increased in stone patients.” 

On the contrary, cranberry juice is attributed a protective 
effect in the treatment of urinary tract infections.*°*° The ber- 
ries of Vaccinium species such as cranberries contain proan- 
thocyanidins. By inhibiting the cellular expression of adhesion 
molecules, they inhibit bacterial adhesion to cellular surfaces.*° 
Since studies on a controlled diet revealed an acidifying effect 
in healthy subjects and stone formers, cranberry juice could be 
suitable for the treatment of brushite and struvite stones as 
well as urinary tract infection.**** However, the oxalate con- 
tent of cranberry juice has to be taken into account. 

The consumption of 330 mL/day of blackcurrant juice in 
healthy subjects on a controlled diet resulted in a significant 
increase in urinary pH and citrate excretion.” Despite favorable 
changes in urine composition, the relative supersaturation for 
calcium oxalate remained unchanged, probably due to the sig- 
nificant increase in urinary oxalate excretion. Since the black- 
currant juice used in the study contained a high amount of 
oxalate and ascorbic acid, it is suggested that the oxaluric effect 
of blackcurrant juice might have resulted from the oxalate load 
and conversion of ascorbic acid to oxalate in vivo.’ 


8.2.3 Coffee and Tea 


Two cohort studies showed that each 240 mL serving of caf- 
feinated coffee was associated with a 10% decrease in risk of 
stone formation in men and women.*!” An epidemiological 
trial by Goldfarb et al. (2005) supported the protective effect 
of coffee for stone disease.” Moreover, a large prospective 
study found that coffee consumption was inversely associ- 
ated with risk of gout in men.” 

In an interventional trial, Massey and Sutton (2004) exam- 
ined the acute effect of caffeine consumption on urine com- 
position and risk of stone formation in 39 normocalcemic 
patients with calcium stones and 48 control subjects. The 
subjects received 6 mg caffeine/kg lean body mass in 180 mL 
of warm deionized water. The doses ranged from 250 to 400 
mg caffeine, the equivalent of 11-17 ounces (330-510 mL) 
of brewed coffee. Caffeine loading resulted in an increased 
urinary calcium/creatinine ratio and an elevated Tiselius risk 
index. Since caffeine induces hypercalciuria, affects hydra- 
tion, and may aggravate hypertension, patients should be rec- 
ommended to consume caffeinated beverages in moderation 
and to drink water before or along with the coffee. 

In prospective observational studies the risk of stone for- 
mation was found to be reduced by tea consumption.*!” 


A limitation of these prospective studies is that no distinction 
was made between black tea and other types such as herbal 
tea, which are known to be lower in oxalate."' Although recent 
studies suggested a low to moderate bioavailability of oxalate 
from black tea in healthy subjects,“ =“ findings are not transfer- 
able to patients with intestinal hyperabsorption of oxalate. 


8.2.4 Soft Drinks 


Studies on the association between soda consumption and the 
risk of stone formation have likewise provided conflicting 
results. Assessing the data from two cohort trials and results 
from a case control study, the intake of soda (including sug- 
ared cola) was not associated with increased risk for stone 
formation,”!**“* while a randomized controlled trial in male 
stone patients suggested a strong association between the 
amount of soft drink consumption (acidified with phosphoric 
acid) and the recurrence of urinary stone formation in the 
course of a 3-year follow-up.* A cross-sectional study con- 
ducted by Soucie et al. (1996) confirmed the association 
between the consumption of soft drinks (including cola) and 
the history of urolithiasis.*° An interventional trial in healthy 
subjects found that consumption of cola causes unfavorable 
changes in urinary risk factors associated with calcium oxalate 
stone formation.“ 

Although a limitation of most studies is that they did not 
adjust for other dietary factors in the analyses, thus limiting 
the interpretation of the results, it should be emphasized, that 
conventional soda contains a considerable amount of sugar, 
which contributes to energy surplus and can increase urinary 
calcium excretion.“ In addition, phosphoric acid content of 
cola beverages increases dietary phosphate intake. Moreover, 
prospective cohort data indicate that consumption of sugar- 
sweetened soft drinks was strongly associated with an 
increased risk of gout in men.” Correspondingly, in a nation- 
ally representative sample of US adults, serum uric acid con- 
centration increased with increasing intake of sugar-sweetened 
soft drinks.“ 


8.2.5 Alcoholic Beverages 


In retrospective and prospective studies, beer and wine con- 
sumption were inversely associated with the risk for stone for- 
mation.?'”?** While the reduction in risk with wine compared 
with beer was even found to be higher in men and women, 
liquor was not associated with decreased risk.”!”? However, 
alcohol consumption can promote urinary calcium excretion 
probably through a decreased reabsorption of calcium by the 


renal tubule, thus causing transient hypercalciuria. 
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Moreover, ethanol is suggested to increase uric acid 
production, a factor that is expected to increase the risk of 
stone formation.’ Furthermore, beer is the only alcoholic 
beverage acknowledged to have a large purine content, which 
is predominantly guanosine.*! In healthy subjects, the con- 
sumption of beer resulted in a reduction of urinary pH and an 
increase in urinary uric acid excretion.” Findings from a large 
prospective trial confirmed that alcohol intake is strongly 
associated with an increased risk of gout in men.” 


8.2.6 Water 


The results of retrospective trials on the relationship between 
drinking water hardness and urinary stone disease have 
been inconsistent. Whereas a higher incidence of urinary 
stones has been reported in soft-water areas in the U.S.A.,°° 
no significant correlation between water hardness and uri- 
nary stone disease has been found after adjusting for other 
environmental factors.™* 

Although mineral water has been suggested to be a suit- 
able beverage for urine dilution, the water composition has 
to be taken into account. The bicarbonate content of min- 
eral water can replace alkalization therapy with potassium 
citrate and contribute to urine inhibitory power by increas- 
ing urinary citrate excretion.» The alkalizing effect due 
to the high bicarbonate content of mineral water is desired 
in the treatment of calcium oxalate, uric acid, and cystine 
stones, whereas it is contraindicated in struvite and calcium 
phosphate stones. The majority of the studies evaluating the 
effect of the calcium content of water on urine composition 
revealed significant increases in urinary calcium excretion 
both in normal subjects”° and calcium stone formers*’’ on 
a high calcium load with water. While this lithogenic effect 
was counterbalanced by a decrease in urinary oxalate excre- 
tion in some studies,” neither significant short-term” nor 
long-term reductions in urinary oxalate excretion were 
observed by others.*° Further studies are necessary to eval- 
uate whether the ingestion of calcium-rich water with, 
rather than between, meals may complex oxalate in the gut, 
thus limiting absorption and urinary excretion of calcium 
and oxalate. 

The most important metaphylactic measure irrespective of 
stone composition is a sufficient urine dilution accomplished 
by an adequate fluid intake. The type of beverage should be 
selected cautiously. Neutral beverages, i.e., fluids that dilute 
urine without affecting its composition, include tap water, 
mineral water with a low mineral content, fruit, and herbal 
teas. The administration of neutral beverages lowers the risk 
of urinary stone formation solely by urine dilution (Fig. 8.1). 
Alkalizing beverages, i.e., fluids that additionally increase 
urinary pH and citrate excretion, are bicarbonate-rich mineral 
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Fig. 8.1 Influence of urine volume on relative supersaturation for 
calcium oxalate (RS CaOx) 


water and citrus juices. Neutral and alkalizing beverages are 
suitable for metaphylactic treatment of the majority of urinary 
stones, i.e., calcium oxalate, uric acid, and cystine. It needs to 
be emphasized that water is energy-free, a fact that has to 
be particularly considered by overweight patients. 


8.3 Protein 


Increasing dietary protein intake has been identified as a risk 
factor for the development of urinary stones for many years. 
A nationwide survey of vegetarians in the United Kingdom 
revealed the prevalence of urinary stone disease to be about 
half that found in the general population.®' On the other hand, 
data from cohort studies on the association between animal 
protein consumption and new kidney stone formation are 
conflicting. A positive association between animal protein 
intake and risk of stone formation has been shown in men but 
not in women, 416-17 

A high consumption of animal protein has been consis- 
tently associated with an increase in urinary calcium excretion 
as well as a reduction of both urinary pH and citrate excretion, 
metabolic changes that are considered risk factors for stone 
formation.° 4 

A high intake of animal protein may affect urinary calcium 
excretion by several different mechanisms. A high protein 
diet increases endogenous acid load that may require buffer- 
ing from bone, thereby increasing calcium resorption.®-° 
Moreover, increasing dietary protein is related to increases in 
glomerular filtration rate®’ and decreases in renal reabsorption 
of calcium from distal tubular cells. In normal subjects, 
every 25 g increment in dietary protein raises urinary calcium 
excretion by approximately 0.8 mmol. In hypercalciuric 
patients, the calciuric effects of a high protein intake may be 
even greater.” 
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The rise in urinary pH, sulfate, and phosphate excretion, 
and the decrease in citrate excretion with increasing protein 
intake are mainly attributed to the acidifying effect of phos- 
phoproteins and sulfur-containing amino-acids (methionine, 
cystine) that are in a higher proportion in animal than in veg- 
etable protein. The high endogenous acid load generated by 
a protein-rich diet enhances citrate reabsorption in the proxi- 
mal tubule, thus decreasing urinary excretion of citrate, a 
known inhibitor of calcium stone formation.” The associated 
mild metabolic acidosis results in a decrease in urinary pH 
that could promote uric acid and cystine lithiasis. 

Studies on the effect of dietary protein on urinary oxalate 
excretion have provided conflicting results. Whereas some 
investigators reported that dietary protein increases urinary 
oxalate excretion”~” and that protein restriction reduces uri- 
nary oxalate, others observed no relationship between pro- 
tein intake and urinary oxalate excretion." It has been 
suggested that elevated oxalate excretion with increasing pro- 
tein consumption may be caused by an increase in generation 
of glycolate, a precursor of oxalate.” However, a limitation of 
the aforementioned studies is an inadequate control of dietary 
oxalate intake. 

The food source of dietary protein may have different 
effects on urinary composition. Breslau et al. (1988) exam- 
ined the effect of three diets with constant total protein 
intake (75 g/day) but differing protein sources, i.e., animal, 
vegetarian (soy-based), and ovo-vegetarian (soy-based with 
eggs), in healthy subjects. While urinary oxalate excretion 
was lower, urinary calcium, sulfate, phosphate, uric acid, 
and net acid excretion were higher during the animal protein 
diet compared with the other phases. These differences can 
be explained by the different content of oxalate, sulfate, uric 
acid, and fiber of the diets. Siener and Hesse (2002) found 
similar effects.” Increasing buffering capacity by increasing 
fruit and vegetable intake with a balanced mixed or a vege- 
tarian diet counteracts the acidity generated by the dietary 
protein, reduces calciuria, and consequently improves cal- 
cium balance. However, the oxalate content of a vegetarian 
diet should be taken into account. 

There are only two randomized controlled trials that 
assessed the effects of a reduction in dietary protein on stone 
recurrence. Hiatt et al. (1996) reported a higher risk of recur- 
rence after a 4.5-year follow-up in first-time calcium oxalate 
stone formers in the intervention group treated with a high- 
fiber and low-animal-protein diet than in the control group.” 
However, this trial had several limitations, including a higher 
fluid consumption in the control group, differences in dietary 
intake of fiber or patient compliance. A randomized trial by 
Borghi and colleagues (2002) compared a low-animal-protein, 
low-salt, and normal-calcium diet (intervention group) with 
a low-calcium diet (control group) in calcium oxalate stone 
formers with idiopathic hypercalciuria.” After 5 years, the risk 
of a recurrence was 50% lower in the intervention group as 


compared with the control group, but in this trial, it was not 
possible to distinguish the beneficial effect of the low-animal- 
protein intake from that of the lower salt and higher calcium 
intake. 


8.4 Carbohydrates 


Data from studies on the effect of carbohydrates on the risk 
of stone formation are conflicting. Whereas some investiga- 
tors found a similar carbohydrate ingestion in stone formers 
compared to controls,” others have reported that intake of 
carbohydrates is higher in stone formers.*’’ In prospective 
studies conducted by Curhan et al. (1993, 1997, 2004) and 
Taylor et al. (2004), a positive association between sucrose 
intake and the risk for stone formation has been shown in 
women but not in men.'*"'’ A limitation of these studies is 
that they did not distinguish different types of carbohydrates, 
particularly glucose and fructose. 

A rise in urinary calcium excretion has been observed after 
an acute glucose load both in normal subjects and calcium 
oxalate stone patients, which was more pronounced in the 
latter group.** The increase in urinary calcium has been 
ascribed to an increase in intestinal absorption and reduction 
in renal tubular reabsorption of calcium.***° It is possible that 
this effect may be at least partially mediated by insulin. 

A large prospective study reported a positive association 
between fructose intake and the risk of incident stone forma- 
tion in men and women.* Fructose consumption has mark- 
edly increased over the past decades as many manufacturers 
use fructose instead of sucrose to sweeten beverages and foods. 
The mechanisms between fructose and the risk of calcium 
stone formation are unknown. The ingestion of a high fruc- 
tose diet (20% of energy), in conjunction with lower dietary 
magnesium and higher phosphorus intake, resulted in higher 
urinary losses of calcium as a percentage of calcium intake 
versus starch in healthy men.” Furthermore, intravenous 
infusion of fructose increased urinary oxalate excretion com- 
pared to glucose infusion in healthy subjects.** On the con- 
trary, an increase in urinary oxalate has been found in healthy 
subjects in the 3 h following oral glucose load but not in 
response to oral fructose load.*’ 

Moreover, it has been suggested that fructose increases the 
risk of stone formation by effects on uric acid metabolism. 
Data from a prospective cohort study in men revealed a posi- 
tive association between the risk of incident gout and fructose 
intake.” Large doses of oral fructose (>3 g/kg body weight/ 
day) have been reported to increase serum and urinary uric 
acid levels.” This effect may be more pronounced in indi- 
viduals with preexisting abnormalities of uric acid metabo- 
lism.”' A study on the effects of moderate amounts of fructose 
(63-99 g/day) revealed no increase in serum and urinary uric 
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acid over 2 weeks in healthy subjects.” Studies have demon- 
strated that large doses of fructose, especially when infused 
at rapid rates, deplete intrahepatic concentrations of ATP.” 
Fructose phosphorylation in the liver uses ATP, and the 
accompanying inorganic phosphate depletion inhibits the 
regeneration of ATP from ADP, which is subsequently metab- 
olized to uric acid.” 


8.5 Fat 


The association between dietary fat intake and the risk of 
stone formation is unclear." Whereas some studies found 
a similar total fat consumption in stone formers compared to 
controls,”*’"*! others have reported that intake of fat is higher 
in stone patients.*°*? 

Several dietary fatty acids are suggested to influence cal- 
cium oxalate stone formation. An increased phospholipid 
arachidonic acid level, an n-6 fatty acid, may induce hyperox- 
aluria by activating the anion carrier and consequently the 
intestinal and renal transport of oxalate. Analyses of dietary 
records and 24-h urine samples of 58 idiopathic calcium 
oxalate stone formers revealed a positive correlation between 
the dietary content of arachidonic acid and urinary oxalate 
excretion.” Fish oil supplementation has been demonstrated 
to induce a reduction in the plasma arachidonic acid level in 
patients,” and to lower urinary calcium and oxalate excretion 
in idiopathic calcium oxalate stone formers.’*°* However, a 
prospective cohort study based on data from a semiquantita- 
tive food-frequency questionnaire revealed no consistent 
association between fatty acid intake and the risk for stone 
formation.” Higher intake of arachidonic and linoleic acid 
did not increase the risk, and greater intake of n-3 fatty acids 
did not reduce the risk for incident kidney stones. 


8.6 Oxalate 


Urinary oxalate is predominantly derived from endogenous 
production of oxalate from ingested or metabolically gener- 
ated precursors and from the diet. The impact of dietary 
oxalate in the pathogenesis of calcium oxalate stone forma- 
tion is unclear. It has been suggested that dietary oxalate con- 
tributes up to 50% of urinary oxalate excretion.'°° However, 
a prospective study reported a modest positive association 
between oxalate intake and the risk for incident stone forma- 
tion in men and older women.'®! Estimates of normal dietary 
oxalate intake are in the range of 50-200 mg daily.” 
Although the impact of dietary oxalate in the pathogene- 
sis of calcium oxalate stone formation is unclear, it is impor- 
tant to consider sources of excess dietary oxalate. Therefore, 


detailed knowledge of food oxalate content is essential for 
dietary treatment of recurrent calcium oxalate urolithiasis. 
So far, analysis of the oxalate content of diets has been lim- 
ited by inaccurate or lacking data on food oxalate content. 
Analysis of the oxalate content of different foods by reliable 
methods revealed a considerable number of foods with high 
or extremely high oxalate concentrations. A selection of 
oxalate-rich foods is presented in Table 8.1.4!!! Whereas 
most foodstuffs in a typical Western diet contain low or mod- 
erate concentrations of oxalate, a vegetarian diet may be 
associated with an increased oxalate intake.‘ The oxalate 
content of foods may vary according to growth conditions 
and preparation methods.*!!° 

The consumption of foodstuffs rich in oxalic acid can induce 
hyperoxaluria already in healthy individuals without distur- 
bances in oxalate metabolism.” Intestinal hyperabsorption of 
oxalate can make a considerable contribution to urinary oxalate, 
even in the absence of gastrointestinal disorders. Data from 
studies on the effect of intestinal hyperabsorption of oxalate on 
urinary oxalate excretion using ['*C]oxalate are conflicting. 
Whereas some studies found increased oxalate absorption in 
stone formers,'%'”” others reported no differences between 
stone formers and healthy subjects.'*! A study using ['°C,] 
oxalate reported an intestinal hyperabsorption, defined as an 
absorption exceeding 10%, in 46% of patients with calcium 
oxalate stone disease and in 28% of control subjects.''° A defi- 
ciency of oxalate degradation by Oxalobacter formigenes in 
the intestine may additionally contribute to an increased absorp- 
tion and urinary excretion of oxalate.'''''? Moreover, a number 


Table 8.1 Oxalate-rich foods (mg/100 g)*!!°%!™ 


Oxalate Portion Oxalate 


(mg/100 g) (g) 


Cereals and pseudocereals 


Bulgur 59 50 30 
Couscous 65 50 33 
Wheat flakes (whole grain) 76 50 38 
Buckwheat 143 50 W2 
Quinoa 184 50 92 
Wheat bran 457 30 137 
Nuts 

Almond 383 100 383 
Others 

Cocoa powder 567 50 284 
Vegetables 

Beetroot 160 150 240 
Mangold 874 150 1,311 
Rhubarb 1,235 150 1,853 
Sorrel 1,391 100 iL sil 
Spinach 1,959 150 2,939 
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of dietary factors may influence the excretion of oxalate, e.g., a 
decreased intake of calcium and magnesium or an increased 
consumption of ascorbic acid. 


8.7 Calcium 


Hypercalciuria carries a high risk for calcium oxalate stone 
formation.’”''* Various nutritional factors are known to influ- 
ence urinary calcium excretion, i.e., the dietary calcium, pro- 
tein, and sodium ingestion. In healthy subjects, intestinal 
calcium absorption is approximately 25%.''* However, most 
patients with hypercalciuria have intestinal hyperabsorption 
of calcium. '' 

Dietary calcium is suggested to be the most important 
factor to influence oxalate absorption. A low dietary intake 
reduces the concentration of calcium in the gastrointestinal 
lumen, which can increase intestinal absorption and urinary 
excretion of oxalate. Indeed, the inhibitory effect of calcium 
ingestion on urinary oxalate excretion has been demonstrated 
in oxalate loading studies.!!®"!8 Von Unruh et al. (2004) 
assessed the association between calcium intake and gastro- 
intestinal oxalate absorption of healthy subjects with a stan- 
dardized ['°C,] oxalate absorption test.''* Within the range of 
200-1,200 mg calcium per day, oxalate absorption was 
clearly a linear function of the calcium intake. Additional 
calcium intake beyond 1,200 mg/day had only a minor effect 
on intestinal oxalate absorption. However, the increase in 
calcium intake resulted in a significant increase in urinary 
calcium excretion. Dietary calcium intake should therefore 
not exceed 1,200 mg daily. 

Moreover, dietary calcium restriction can cause a nega- 
tive calcium balance, leading in the long term to osteopenia. 
A study in 48 male calcium stone formers found a lower 
dietary calcium intake in patients with low bone density than 
in those with normal bone density.'!” 

Prospective cohort studies revealed an inverse association 
between dietary calcium intake and the risk of stone forma- 
tion in men and women.'*” The large follow-up studies con- 
firm the general recommendation for an adequate dietary 
calcium intake of 1,000-1,200 mg/day. Moreover, a 5-year 
randomized prospective trial demonstrated that recurrences in 
male calcium oxalate stone patients with hypercalciuria are 
significantly less frequent on normal calcium intake (1,200 
mg/day) combined with reduced intakes of salt and animal 
protein compared with patients on a low-calcium intake, 
accomplished by abolishing milk and dairy products.” 

The effect of supplemental calcium appears to be differ- 
ent from dietary calcium. Supplemental calcium increased 
the risk of stone formation in older women, whereas no 
association between calcium supplementation and risk of 
stone disease was observed in younger women and men. '*'%!7 


The difference in the effect between dietary and supplemental 
calcium may be related to the timing of ingestion. 


8.8 Magnesium 


Magnesium is suggested to be an important inhibitor of cal- 
cium oxalate stone formation. Magnesium may reduce 
oxalate absorption and urinary excretion nearly as effectively 
as calcium by binding oxalate in the gut.!™® Moreover, a high 
urinary excretion and concentration of magnesium has been 
shown to decrease both nucleation and growth rates of calcium 
oxalate crystals, due to the higher solubility of magnesium 
oxalate compared with calcium oxalate. !?!!?? 

Data from prospective cohort studies found that magnesium 
intake was associated with a reduced risk of stone formation in 
men,” but not in women.'*'? The high magnesium content of 
fruits, vegetables, and cereals is responsible for an increase in 
urinary magnesium excretion.'**'™ Related clinical investigations 
of supplemental magnesium have been conducted in both 
recurrent stone formers and normal subjects, but with little 
success. Indeed, magnesium supplementation resulted in an 
increase in urinary excretion, but this benefit was counteracted 
by an increase in urinary calcium excretion.'?'”° 


8.9 Sodium 


Increased sodium consumption has been linked to an 
increased risk of calcium stone formation, based on the pro- 
pensity of sodium to increase urinary calcium excretion.” A 
high ingestion of sodium may promote urinary calcium 
excretion probably by inhibiting renal tubular reabsorption 
of calcium from sodium-induced expansion of extracellular 
fluid volume.'** An association between sodium intake and 
stone formation was found in a large observational study,'° 
but was not confirmed by others.'*'’ The discrepant results 
might reflect the difficulties in obtaining reliable estimates of 
dietary salt intake based on food questionnaires.° 

From interventional studies, it has been estimated that uri- 
nary calcium excretion increases approximately 1 mmol for 
each 100 mmol increase in dietary sodium intake in normal 
adults.'”’ In addition, hypercalciuric stone formers appear to be 
more sensitive to the calciuric effect of a sodium load.'°°'"! 


8.10 Ascorbic Acid 


Ascorbate is a precursor of oxalate and the intake of high 
amounts of vitamin C is suggested to increase urinary oxalate 
levels. Approximately 35-50% of urinary oxalate is estimated 
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to be derived from the conversion of ascorbic acid to oxalate 
in the organism.” Results from previous studies on the effect 
of ascorbic acid on urinary oxalate excretion are contradic- 
tory, in part because of difficulties in measuring urinary 
oxalate in the presence of ascorbate. !3? 

A recent interventional trial demonstrated a significant 
increase in urinary oxalate excretion by 33% in calcium 
oxalate stone formers and by 20% in normal subjects, respec- 
tively, after ingestion of 2 g of supplemental ascorbic acid 
per day.” An observational study found a 40% higher risk of 
stone formation in men who consumed 1,000 mg or more per 
day of vitamin C compared to those who consumed less than 
90 mg/day." A case-control study in 186 calcium oxalate 
stone patients with and without hyperoxaluria yielded a posi- 
tive association between urinary oxalate excretion and dietary 
ascorbate intake.'** The dietary intake of vitamin C in the 
hyperoxaluric group exceeded the recommended dietary 
allowance by 80%. Based on the results of these studies, 
calcium oxalate stone formers should be advised to discon- 
tinue ascorbic acid supplementation. 


8.11 Phytate 


Dietary phytic acid, predominantly present in cereals, nuts, 
legumes, and oil seeds, is able to complex calcium and there- 
fore to increase the absorption of dietary oxalate." In con- 
trast to its unfavorable effect in the gastrointestinal tract, 
urinary phytate has been demonstrated to exhibit a strong 
inhibitory effect on the crystallization of calcium salts. 
Grases et al. (2000) found a significantly lower urinary 
phytate excretion in calcium oxalate stone formers compared 
with healthy men (2.01 versus 3.27 mg/24h).'*° Data from 
two large observational studies revealed an inverse associa- 
tion of phytate intake with risk of stone formation in women, 
but not in men.'*!” 


8.12 Purines 


Hyperuricosuria is a risk factor for the development of uric 
acid stones and may promote calcium oxalate stone forma- 
tion. Uric acid is the end-product of purine metabolism in 
humans and is derived from endogenous production as well 
as from dietary sources. 

A study in healthy subjects revealed the strongest decrease 
in urinary risk factors for uric acid stone formation on the 
intake of a balanced vegetarian diet compared to two omniv- 
orous diets.” Although the balanced omnivorous and the 
vegetarian diet provided similar amounts of energy, purines, 
and protein, urinary uric acid excretion was lowest on the 


vegetarian diet. An epidemiological trial conducted by Choi 
et al. (2004) yielded an increased risk of gout among men 
with higher levels of meat and seafood consumption and a 
declined risk with a higher level of intake of dairy prod- 
ucts. The risk of gout remained unaffected by moderate 
intake of purine-rich vegetables. Findings from a nationally 
representative sample of men and women in the US suggest 
that increasing meat or seafood intake is associated with 
increasing serum levels of uric acid, whereas dairy consump- 
tion is inversely associated with the serum uric acid level.'* 


8.13 Dietary Habits 


Overweight and associated dietary pattern are suggested to 
be significant risk factors for stone formation. A prospective 
cohort study demonstrated that body mass index (BMI), 
waist circumference, and weight gain are positively associ- 
ated with an increased risk of nephrolithiasis in both men 
and women.’ 

Analysis of 527 idiopathic calcium oxalate stone formers 
with respect to their BMI yielded overweight or obesity in 44% 
of women and in 59% of men.'*' Multiple linear regression 
analysis of urinary parameters with reference to weight param- 
eters revealed a significant positive relationship between BMI 
and urinary uric acid, sodium, ammonium, and phosphate 
excretion and a negative correlation between BMI and urinary 
pH. The risk of stone formation computed as relative super- 
saturation for calcium oxalate was higher in overweight and 
obese compared to normal weight patients (Fig. 8.2). Compari- 
son of urinary stone risk factors from a group of overweight 
patients with those of a group of normal, nonstone formers 
confirmed that overweight might be associated with an elevated 
risk of stone formation owing to alterations in urine composi- 
tion.'” A trial in stone-forming and nonstone-forming indi- 
viduals suggested that among other factors diet may contribute 
to changes in urinary composition with increasing BMI. '®# 
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Fig.8.2 Relative supersaturation for calcium oxalate (RS CaOx) accord- 
ing to BMI category in calcium oxalate stone patients (n = 527)'"! 
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An interventional study in 107 recurrent calcium oxalate 
stone patients confirmed that dietary pattern and urinary risk 
factors for stone formation are closely linked together.'** The 
shift to a nutritionally balanced diet according to the recom- 
mendations significantly reduced the stone-forming potential 
of these patients. 


8.14 Conclusions 


Unfavourable dietary pattern and overweight are suggested to 
contribute markedly to the rise in the prevalence and incidence 
of urolithiasis over the past decades. A variety of dietary fac- 
tors can affect crystallization and stone formation by altering 
the composition and supersaturation of urine. The results from 
clinical and epidemiological studies demonstrate the impact of 
dietary factors on the risk of stone formation. Appropriate 
dietary modifications and adequate fluid intake may consider- 
ably contribute to an effective prevention or reduction of stone 
recurrences and decrease the morbidity and costs associated 
with recurrent stone formation (see Chapter 59: Dietary 
assessment and advice). 
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Bernhard Hess 


Abstract Obesity (body mass index (BMI) above 30 kg/m?) has become an epidemic condition 
that affects 10-27% of men and up to 38% of women in European countries. In the United 
States, more than 5% of the adult population are considered morbidly obese (BMI of 40 kg/ 
m° or more). Worldwide, more than 300 million people are estimated to be obese. According 
to recent epidemiologic studies, greater BMI, greater weight, larger waist circumference, and 
heavy weight gain are independently associated with increased risk for renal stone formation. 
This appears to be related to two distinct metabolic conditions: (1) Abdominal obesity in the 
context of the so-called metabolic syndrome predisposes to insulin resistance, which at the 
renal level appears to cause reduced urinary ammonium excretion and low urine pH. The 
consequence is an increased risk for uric acid stone formation. (2) Bariatric surgery, more and 
more popular as the only intervention that facilitates significant weight loss in morbidly obese 
people, has been shown to increase the risk for calcium oxalate nephrolithiasis. The underly- 
ing pathophysiologic mechanisms may be enteric hyperoxaluria due to fat malabsorption or 
decreased intestinal colonization with oxalate-degrading bacteria. 


9.1 Introduction 


Obesity has become an epidemic condition around the world 
that affects 10-27% of men and up to 38% of women in 
European countries.'” In the United States, the percentage of 
obese adults (defined as having a BMI above 30 kg/m’) 
increased from 15% in 1995 to 24% in 2005,' and more than 
5% of the US adult population are considered morbidly obese 
(BMI of 40 or more).*? Worldwide, more than 300 million 
people are estimated to be obese.’ 

Most recently, it has become evident that greater BMI, 
greater weight, larger waist circumference, and heavy weight 
gain are independently associated with increased risk for renal 
stone formation.* Indeed, a study of nearly 6,000 renal stone 
formers demonstrated that subjects weighing more than 120 
kg had significantly higher urinary excretion rates of calcium, 
oxalate, and uric acid — established risk factors for nephro- 
lithiasis — than subjects weighing less than 100 kg. However, 
when studying 2,176 male and female stone formers and 
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1,097 male and female healthy controls from the Health 
Professionals Follow-Up Study and the Nurses Health Studies 
I and II, Taylor and Curhan‘ found that the positive associa- 
tion between BMI and urinary calcium disappeared after 
adjustment for urinary sodium (an index of salt consumption) 
and phosphate (an index of protein consumption). Furthermore, 
urinary supersaturation of calcium oxalate, the main driving 
force for the most prevalent calcium oxalate stone formation, 
was not related to BMI.° On the other hand, urine pH was 
inversely related to BMI; i.e., more obese people had lower 
urinary pH values. A very similar finding was obtained when 
plotting urine pH against body weight in nearly 5,000 kidney 
stone formers from the United States; i.e., urine pH was 
inversely related to body weight.’ Because urinary supersatu- 
ration of uric acid progressively rises with decreasing urinary 
pH, it is of no surprise that Taylor and Curhan® found that 
urinary uric acid supersaturation was directly related to BMI. 
Their conclusion was that the greater incidences of renal 
stones that were observed more recently in the Unites States? 
as well as in Europe" may primarily be due to an increase in 
uric acid nephrolithiasis in obese people.® 

Abdominal (central) obesity is the key feature of the 
so-called metabolic syndrome, as defined in Table 9.1. This 
cluster of cardiovascular risk factors in obese people is 
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Table 9.1 Definition of the metabolic syndrome according to IDF 
(International Diabetes Federation). ATP III: Adult Treatment Panel III 
2001 


Metabolic syndrome — definition (IDF 2005) 
Central (abdomial) obesity — ethnicity-specific 


(Europeans: Waist circumference Men 294 cm, women 280 cm) 


(U.S. people: Waist circumference Men 2102 cm, women 288 cm 
according to ATP III definition likely to be used, Ref.'*) 


Plus two out of the four following criteria constitute the syndrome: 


e Arterial hypertension e Triglycerides >1.7 mmol/L 


or specific treatment 
HDL cholestrol 

< 1.30 mmol/L (Women) 
<1.00 mmol/L (Men) 


or specific treatment 


— Systolic2130 mmHg e 
— Diastolic 285 mmHg 
or treatment for 


diagnosed hypertension 


e Plasma glucose 25.6 mmol/L or 
previously diagnosed type 2 diabetes 


Adapted from"! 


increasingly prevalent around the world and affected 27% of 
the American population in 2000." Recently, data from the 
Third National Health and Nutrition Examination Survey 
(NHANES III) have revealed that metabolic syndrome traits 
are significantly associated with a self-reported history of 
kidney stones: with zero traits of the metabolic syndrome, 
self-reported prevalence of kidney stones was 3% and 
increased to 7.5% with three traits and to 9.8% with five 
traits of the syndrome, respectively." 

The aim of the following paragraphs is to demonstrate that 
the increasing prevalence of obesity around the world may 
soon be followed by an epidemic of nephrolithiasis, mainly 
through two pathophysiologic mechanisms: (1) Increased 
prevalence of uric acid stone formation due to increasingly low 
urine pH values and (2) increased prevalence of calcium oxalate 
stones due to hyperoxaluria following bariatric surgery. 


9.2 Obesity, Metabolic Syndrome, Low Urine 
pH, and Uric Acid Stone Formation 


9.2.1 Pathophysiology 


At low pH in human urine, uric acid is primarily present 
as poorly soluble undissociated uric acid (solubility 0.54 
mmol/L).* Thus, abundant uric acid crystallization with 
subsequent stone formation can occur even if the urinary 
uric acid excretion rate is completely normal. Indeed, 
clinical experience tells that the main cause of uric acid 
stone formation is not hyperuricosuria, but low urine pH.’ 
Since such abnormally low urine pH values are very often 
associated with primary gout, it was initially concluded 
that idiopathic uric acid nephrolithiasis may be a stone 


manifestation of primary gout.'* Subsequently, the reason 
for low urine pH in most normouricosuric uric acid stone 
formers was found to be reduced renal ammonium excre- 
tion in two independent studies.'*:'° In addition, Sakhaee 
et al.'° found that the rise in urinary ammonium excretion 
following acid loading in uric acid stone formers was five- 
to sevenfold lower than in calcium stone formers or 
healthy controls. 


9.2.2 Uric Acid Stones, Metabolic Syndrome, 
and Insulin Resistance 


When studying the data of almost 5,000 stone patients in the 
United States, Maalouf et al.’ found an inverse correlation 
between urine pH and sixtiles of body weight; i.e., more 
obese patients had significantly lower urine pH values. 
Furthermore, Sakhaee et al.'° demonstrated that one-third of 
pure uric acid stone formers, but none of the calcium stone 
formers or healthy controls, were diabetic. Accordingly, 
Abate et al.” later found an increase in insulin resistance and 
significantly higher waist circumferences (i.e., abdominal 
obesity) in uric acid stone formers with reduced urinary 
ammonium excretion and low urinary pH values. However, 
laborious measures of insulin resistance appear not to be 
necessary in clinical routine,'* since insulin resistance is 
highly correlated with abdominal (central) obesity"; i.e., 
abdominal obesity stands for insulin resistance. 

In addition, Abate et al.” found that uric acid stone 
formers exhibited higher values for blood pressure, fasting 
blood glucose, and triglycerides as well as lower values for 
HDL cholesterol (Fig. 9.1a), all clinical key features of the 
so-called metabolic syndrome. The conclusion at that stage 
was that defective urinary ammonium excretion in uric acid 
stone formers could be linked to the insulin-resistant state.'” 
Furthermore, Abate et al.'’ directly assessed insulin 
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Fig. 9.1 (a) Fasting serum triglyceride, HDL cholesterol, and blood 
glucose in healthy controls and uric acid stone formers (UA-SF). mM: 
mmol/L. Values are means. (b) Glucose disposal rate as a measure of insulin 
sensitivity in healthy controls and uric acid stone formers (UA-SF). Values 
are means (Adapted from") 
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sensitivity by measuring glucose disposal rate during an 
euglycemic hyperinsulinemic clamp procedure, as origi- 
nally described by DeFronzo et al.,” in 55 healthy controls 
and 13 selected pure uric acid stone formers. As depicted in 
Fig. 9.1b, glucose disposal rate as a surrogate for insulin 
sensitivity was significantly higher in healthy controls than 
in uric acid stone formers; i.e., uric acid stone formers 
exhibited increased insulin resistance. Furthermore, uric 
acid stone formers had a significantly lower ratio of urinary 
ammonium to net acid excretion and a lower urinary pH. A 
plot of urinary pH values against insulin sensitivity showed 
a positive correlation in healthy controls; i.e., higher uri- 
nary pH was associated with higher insulin sensitivity. 
Most likely due to the relatively low number of patients 
studied, this correlation could not be demonstrated in uric 
acid stone formers whose lower urinary pH values never- 
theless tended to cluster in the area of lower insulin sensi- 
tivity (i.e., higher insulin resistance).'’ In summary, uric 
acid stone formers fulfilled the criteria for the diagnosis of 
metabolic syndrome and, in addition, were more insulin- 
resistant with lower urinary ammonium and pH values than 
healthy controls. 

Table 9.2 summarizes important findings from animal 
studies, which have demonstrated that insulin is critical for 
ammoniagenesis as well as ammonium secretion in the 
proximal tubule. Based on this knowledge, the findings of 
Abate et al.” indicate that low urinary pH due to reduced 
urinary ammonium excretion may be a novel renal mani- 
festation of insulin resistance in the context of metabolic 
syndrome with central obesity as its primary key feature. 
The consequence of this metabolic abnormality at the renal 
level is uric acid stone formation, which could be envi- 
sioned as a “renal bystander” in patients with the meta- 
bolic syndrome. 

Treatment of uric acid stone in patients with the metabolic 
syndrome/abdominal obesity consists of treating the compo- 
nents of the syndrome as well as alkalinizing the urine to pH 
values between 6.2 and 6.8 throughout 24 h. 


Table 9.2 Insulin actions in the proximal renal tubule (data from 
animal studies) and potential consequences in subjects with insulin 
resistance 


Insulin and urinary NH,* excretion — hypothesis based on in vitro studies 


Insulin effect in proximal tubules 


e Insulin stimulates renal genesis of ammonia from the substrate 
L-Glutamine 


e Insulin stimulates Na*-/H*-antiporter—critical for transport of 
NH, ‘(substites for H*) into tubules 


Consequences of insulin resistance at renal level 
e Ammoniagenesis 
e Ammonium transport into the tubular lumen 


= Low urine pH 


Adapted from!” 


9.3 Bariatric Surgery and Calcium Oxalate 
Stone Formation 


9.3.1 Epidemiologic Background 


With at least 15 million of the US adult population meeting 
the criteria for obesity surgery (BMI 240 or BMI 235 with 
other conditions such as diabetes),* bariatric surgery has 
become more and more common as the only intervention 
that facilitates significant weight loss in the morbidly obese. 
Restrictive bariatric surgical procedures (gastric stapling, 
adjustable gastric banding, a combination of both, or vertical 
restrictive gastrectomy) limit caloric intake by creating a 
small gastric reservoir that delays emptying of the stomach, 
whereas malabsorptive procedures (biliopancreatic diver- 
sion, Roux-en-Y-gastric bypass) bypass varying portions of 
the small intestine where nutrients are absorbed.' Most 
recently, Roux-en-Y-gastric bypass (RYGB) has become the 
most common bariatric operation in the United States.*' The 
RYGB procedure results in sustained weight loss as well as 
improvements in abnormal glucose homeostasis, insulin 
resistance, sleep apnea, hypertension, and cardiovascular 
risk factors.*! Although consequences of malabsorption (i.e., 
osteoporosis and osteomalacia) have been recognized,*** 
RYGB is generally felt to be safe, effective, and durable. As 
a consequence, the number of procedures has increased from 
an estimated 14,000 in 1998 to 108,000 in 2003.” 


9.3.2 Renal Complications 
of Bariatric Surgery 


Until most recently, little attention has been drawn on poten- 
tial renal complications of bariatric surgical procedures. 
After a first small study reporting on hyperoxaluria, nephro- 
lithiasis, and oxalate nephropathy as serious complications 
of the RYGB procedure,” two independent reports have now 
emphasized that one major complication of modern bariatric 
surgery may be hyperoxaluric calcium oxalate nephrolithiasis. 
As depicted in Fig. 9.2, Asplin et al.” reported in a retrospec- 
tive study that in comparison with normal controls and 
“routine” kidney stone formers, 132 patients who had formed 
kidney stones after modern bariatric surgery excreted more 
than double amounts of urinary oxalate, not quite as high as 
patients who had been treated with jejunoileal bypass. In the 
smaller study from the Mayo Clinic,” an increasing number 
of patients developed calcium oxalate stones within a mean 
time of 2.9 years after RYGB bypass surgery. In the same 
study, a small cross-sectional analysis of patients before and 
after RYGB revealed hyperoxaluria and substantial increases 
in relative supersaturations of calcium oxalate in more than 


128 


B. Hess 


Urinary oxalate excretion rates 
120 


100 


Uox X V (mg/24 h) 


Bariatric 
surgery 


Normal “Routine” 
subjects SF 


Jejunoileal 
Bypass 


Fig.9.2 Mean urinary oxalate excretion rates in normal subjects (n = 168), 
routine kidney stone formers (n = 2,048), patients having undergone mod- 
ern bariatric surgery (n = 132), and patients after jejunoileal bypass 
(n = 27). *p < 0.001 versus normal subjects and versus routine kidney 
stone formers (Adapted from”°) 


half of the preoperatively mostly normooxaluric patients 
after 12 months.”' Most recently, the first prospective longi- 
tudinal study on 24 morbidly obese adults undergoing the 
RYGB procedure” reported considerable increases in uri- 
nary oxalate excretion rates and relative supersaturations of 
calcium oxalate. These changes occurred already 90 days 
after surgery, although the mean oxalate excretion rate was 
still below levels that indicate a clearly increased risk for the 
development of calcium oxalate stones.” However, the con- 
clusion was that this early increase in urinary oxalate excre- 
tion could herald the onset of a clinically significant 
hyperoxaluric state.” 


9.3.3 Pathogenesis of Hyperoxaluria 
After Bariatric Surgery 


The pathogenesis of hyperoxaluria after RYGB is incom- 
pletely understood. Two possibilities have been discussed.*!”’ 
On the one hand, RYGB may induce an enteric hyperoxalu- 
ric state secondary to increased fatty acid, bile salt, and 
oxalate delivery to the intact colon, similar to what has been 
described in Crohn’s disease and jejunoileal bypass. Due to 
fat malabsorption and binding of calcium to unabsorbed fatty 
acids, oxalates derived from the diet reach the colon uncom- 
plexed with calcium and are then absorbed. It would appear 
logical that a longer common channel after RYGB surgery 
would predispose to more significant fat malabsorption. 
Indeed, studies in inflammatory bowel disease have sug- 
gested that the degree of hyperoxaluria corresponds with the 
degree of steatorrhea.”* 

On the other hand, disturbances in the intestinal flora 
after RYGB could play a role. Oxalobacter formigenes, a 
normal commensurate part of human intestinal microflora, 


can metabolize oxalate as an energy source, and sufficient 
colonization with O. formigenes has a protective effect 
against increased oxalate absorption and excretion.” In 
patients who had undergone jenunoileal bypass surgery, 
decreased intestinal colonization with oxalate-degrading 
bacteria has been described.” Whether or not RYGB surgery 
also alters colonization with these bacteria is currently not 
known. 


9.4 Conclusions 


In conclusion, based on current knowledge, RYGB surgery 
may predispose to hyperoxaluria and calcium oxalate stone 
formation, either by causing enteric hyperoxaluria or 
decreasing intestinal colonization with oxalate-degrading 
bacteria. 
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Stone Disease in Animals 


Doreen M. Houston, Andrew Moore, Denise A. Elliott, 
and Vincent C. Biourge 


Abstract Uroliths have been reported in most animals, but their pathophysiology and 
management have been studied most in dogs and cats. In both species, urinary stones are 
responsible for 15—20% of cases of lower urinary tract disease. Despite common belief, stones 
are more frequent in dogs — especially small dogs — than in cats. Upper urinary tract stones 
are less common in dogs and cats than in humans. Dietary management has been definitively 
shown to modulate the occurrence of struvite and purine stones in both dogs and cats. The 
pathophysiology of calcium oxalate stones is likely to be multifactorial, and the exact roles of 
diet and urinary pH remain to be investigated. Pending this work, promotion of diuresis and 
urine dilution by feeding a moist and/or higher sodium diet could be beneficial in both dogs 
and cats. Prevalence of other stone types is very low in both dogs and cats and their treatment 
is a combination of surgical, dietary, and medical management. 


10.1 Introduction 


Uroliths have been reported in the urinary system of virtu- 
ally all animals including dogs, cats, pigs, cattle, rabbits, 
horses, sheep, goats, birds, guinea pigs, monkeys, hamsters, 
camels, deer, turtles, otters, chinchillas, seals, mollusks, 
ferrets, minks, whales, sea lions, dolphins, kangaroos, rac- 
coons, and gerbils.'! Table 10.1 summarizes the types of 
uroliths most commonly found in some of them. Dogs and 
cats are most often presented to veterinary clinics, and the 
majority of information on animal urolithiasis comes from 
published literature on these two species. Consequently, 
this chapter will focus on urolithiasis in dogs and cats. 
Clinical signs of urolithiasis in dogs and cats are not spe- 
cific for stone disease and a complete medical workup is 
required for diagnosis.** The major factors implicated in 
the etiology of urolithiasis in dogs and cats, either alone or 
in combination, are diet, genetics, urinary tract infection 
(UTD, metabolic disease, individual susceptibility, and 
ability to concentrate urine. The pathophysiologies of stru- 
vite and urate stones are reasonably well defined and 
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accepted in veterinary urology, however, other stone types 
(especially calcium oxalate [CaOx]) are still poorly under- 
stood and are the subject of controversy.° 


10.2 Epidemiology 


Worldwide, the incidence of urolithiasis in dogs and cats is 
believed to be <3%.*° Contrary to what many people believe, 
stones are much more common in dogs, especially the small 
breeds, than in cats. From the opening of the Canadian 
Veterinary Urolith Centre (CVUC) in February 1998 to June 
2008, 40,100 canine stones (including 23,700 stones from 
dogs weighing <10 kg) and only 11,200 feline stones were 
submitted for analysis.” In dogs, urolithiasis is the third most 
frequent (18%) lower urinary tract disorder (LUTD) after UTI 
and urinary incontinence‘ (Fig. 10.1). In cats aged 1-10 years, 
idiopathic cystitis is the most common cause of LUTD,”"' fol- 
lowed by urolithiasis (13-28%)""''"? (Fig. 10.2). 

Uroliths in dogs and cats are most frequently reported 
in the bladder (Figs. 10.3 and 10.4), the usual composition 
being struvite (magnesium ammonium phosphate hexahy- 
drate [Mg NH, PO, 6H,O]) or CaOx.*'* The third most 


x . . 
(Andrew Moore, personal communication) 
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Table 10.1 Type of urinary stone in various animals 


Stone type Species 


Calcium carbonate Horse, donkey, cow, goat, llama, rabbit, guinea 
pig, dog, cat 


Calcium phosphate Horse, donkey, pig, sheep, guinea pig, dog, cat 


Struvite Cow, pig, sheep, goat, American mink, ferret, 
guinea pig, dog, cat 


Calcium oxalate Cow, pig, goat, deer, dog, cat 


Silicate Cow, sheep, llama, dog, cat 
Uric acid Birds, dog 
Urates Birds, tortoise, crocodile, snakes, sea lion, dog, cat 
Cystine Maned wolf, dog, cat 
Modified from? 


E Urinary tract infection 
E Uroliths 


Incontinence 
E Others 


Fig. 10.1 Main conditions responsible for the clinical signs of lower 
urinary tract disease in dogs‘ 


0.9% 


E Urinary tract infection 
E Uroliths 

Behaviour 

© Anatomic defect 


E Cancer 


E Idiopathic cystitis 


Fig. 10.2 Main conditions responsible for the clinical signs of non- 
obstructive feline lower urinary tract disease in cats 1-10 years of age” 


common type of urolith reported worldwide in dogs and 
cats is urate/uric acid. Less frequently reported uroliths 
include cystine, silica, xanthine, calcium phosphate, pyro- 
phosphate, and dried solidified blood calculi (DSBC). 


Fig. 10.3 Lateral radiograph of a cat showing radiodense urolith in the 
center of the bladder (Courtesy of D Houston) 


Fig.10.4 Radiographic appearance of cystic calculi in a dog (Courtesy 
of CR Lamb) 


Drug- and drug metabolite-containing uroliths are rare in 
dogs and cats. 

Upper urinary tract (renal or ureteral) calculi are uncom- 
mon (<4% of all cases of urolithiasis in small animals) in dogs 
and relatively uncommon in cats (Fig. 10.5) compared with 
humans. An increasing number of nephroliths/ureteroliths 
have been reported in cats, especially in those with renal fail- 
ure.*>*8 In one study, 47% of cats with chronic kidney disease 
had upper urinary tract nephroliths.** Nephroliths are typically 
composed of CaOx in cats and of CaOx or struvite in dogs." 
Urethral stones are uncommon in dogs and cats (Fig. 10.6); 
they occur more often in males than females due to the longer 
length and decreased distensibility of the male urethra. 

The prevalence of struvite and CaOx uroliths in dogs 
and cats has changed over the last 30 years. Although 
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Fig. 10.5 Lateral radiograph showing an ureterolith and a nephrolith 
in a cat (Radiograph courtesy of Dr. C. Teed, Cat Clinic of Niagara, St. 
Catherines, Ontario, Canada) 


% submissions 


Fig. 10.6 Lateral radiograph showing numerous small, radiodense 
calculi in the urethra of a male cat presenting with obstructive lower 
urinary tract disease (Courtesy of Dr Brian Crabbe, Port Elgin, Ontario, 
Canada) 
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Fig. 10.7 Yearly submission, as percentage of canine struvite and calcium oxalate (CaOx) stones, to the Minnesota Urolith Center. Based on the 
quantitative analysis of approximately 93,000 stones (Modified from*’). Note the continuous increase in CaOx over time 


struvite predominated in the 1980s, there has been a 
progressive increase in the number of CaOx uroliths in 
dogs, reported in several studies around the world. In the 
USA, the prevalence of CaOx increased dramatically 
from 5% in 1981 to 41% in 2005 while struvite declined 
from 78% to 38% (Fig. 10.7).414162232 In Canada 
(Table 10.2), Italy, the Czech Republic, Belgium, the 
Netherlands, and Luxembourg, CaOx surpassed struvite 
uroliths by 2002/2003.'°?!*4*34 In Germany and Spain, 
struvite, followed by cystine, were the most frequent in 
the 1980s and 1990s, but the prevalence of both have 
since declined.***-** 


Feline struvite uroliths far outnumbered CaOx before the 
late 1980s in the USA.” By the mid 1980s, struvite submis- 
sions to the University of Minnesota Urolith Center began to 


Table 10.2 The most common uroliths in dogs in Canada 


Urolith type 


% Canine urolith submissions, by year 


1998 2000 2002 2003 2005 2007 
Struvite 52 42 40 42 39 3P 30 
Calcium oxalate 38 41 43 45 47 48 50 
Urate 6 5 4 4 3 3} 2 


Data from the Canadian Veterinary Urolith Centre. Note that calcium 
oxalate submissions surpassed struvite in 2002" 
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Fig. 10.8 Yearly submission, as % of feline struvite and calcium 
oxalate (CaOx) stones to the Minnesota Urolith Center, over the past 23 
years; a total of 83,601 feline stones have been submitted over this 


decline, and, by the mid 1990s, CaOx became the most prev- 
alent urolith in North America (Fig. 10.8), Canada 
(Table 10.3), and other parts of the world.?°!!1823243941 
However, since 2002, feline struvite uroliths have been on 
the rise again and have surpassed CaOx as the number one 
urolith submission in the USA. In Canada, CaOx continues 
to be the most frequent submission to the CVUC."' In Hong 
Kong, Italy, and the UK in 1998-2000, struvite uroliths were 
most prevalent followed by CaOx.™ In the Netherlands, 
CaOx was most frequent in the same time period, followed 
by struvite.*** The geographical differences in the relative 
proportions of CaOx and struvite uroliths may be related to 
factors including climate and lifestyle.‘ For example, 
reported cases of urolithiasis increased following periods of 
inclement weather during which cats tended to remain 


Table 10.3 The most common uroliths in cats in Canada 


Urolith type 


% Feline urolith submissions, by year 
2001 2002 2003 2004 2005 2006 
Struvite 48 39 39 425435 45 4 43 


Calcium 45 54 52 48 50 45 50 49 
oxalate 


Urate 4 3 3 4 4 5 5 5 


92 93 94 95 96 97 98 99 '00 'M 
Year 


18,33 


Data from the Canadian Veterinary Urolith Center 


‘02 '03 '04 '05 '06 


period. Note the large increase in CaOx submissions starting in 1987, 
with CaOx the most prevalent stone until 2001; the reversal of this trend 
started in 2002 (Modified from**°) 


indoors for prolonged periods of time.” Inactivity and foods 
with low moisture content may also play a role.” 


10.3 Clinical Signs 


The clinical presentation of a dog or cat with urolithiasis 
depends on the location, number, and physical characteristics 
of the urolith(s), and whether or not a UTI is present. In some 
cases, there are no clinical signs. In other cases, the animal 
may present with a history of LUTD signs including dysuria/ 
stranguria, hematuria, pollakiuria, and inappropriate urination. 
Upper urinary tract signs include abdominal pain and hematu- 
ria, while systemic signs include anorexia and depression. In 
cases of pyelonephritis, fever may be present, while obstruc- 
tion is indicated by inability to urinate and systemic signs of 
postrenal uremia (e.g., vomiting, depression). Some uroliths 
can be palpated in the bladder, but diagnosis often requires 
abdominal and pelvic radiography, or ultrasound examination. 
Double-contrast radiography may be required as some urolith 
types are not radioopaque. Based on the species, breed, sex, 
age, dietary history, medical history, and radiography, it is 
sometimes possible to accurately guess the nature of the 
urolith (e.g., a male Dalmatian is likely to have urate stones), 
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but a definitive composition requires quantitative analysis; all 
uroliths — removed or voided — should be evaluated. 


10.4 Dog and Cat Urine Composition 


Cats are able to produce more concentrated urine (specific 
gravity of up to 1.095) than either humans or dogs.** However, 
frequency of meals and variation in dietary moisture, fiber, 
sodium, potassium, and protein content can result in a two- 
to threefold variation in urine volume (10-30 mL kg" 
day~').“**” Despite the higher dietary mineral intake of dogs 
and cats, their urinary calcium concentration is significantly 
lower than humans, whereas their oxalate concentration is 
significantly higher (Table 10.4).**** The calcium:oxalate 
ratio is thus closer to one (slightly lower in cats, slightly 
higher in dogs) than in humans, and thus changes in either 
calcium or oxalate concentrations can affect supersaturation. 
Urinary pH is affected by diet, postprandial interval, stress, 
physiological status (e.g., growth), as well as equipment used 
to measure the pH. A urinary pH below 6.0 usually reflects 
some level of mild metabolic acidosis’; dogs can achieve a 
lower urinary pH (as low as 5.0) than cats (pH generally >5.5). 


Table 10.4 Comparison of urine composition between dogs and cats fed various diets* 


Artefactual struvite crystaluria is common in cat urine samples 
if the urine is concentrated, and the sample is allowed to cool 
down, or there is a delay before evaluation. The type of crys- 
tals in the urine does not necessarily reflect the nature of the 
stone present at the same time, although cystine crystals are 
pathognomonic for cystinuria. 


10.5 Canine Uroliths 


Small breeds — most noticeably the miniature schnauzer, 
bichon frise, shih tzu, lhasa apso, Yorkshire terrier, and min- 
iature poodle — represent over 50% of canine uroliths sub- 
mitted for analysis worldwide*!*!7197!24505! (Table 10.5). 
The predisposition for smaller breeds may be related to their 
lower urine volume and fewer micturitions™® (Fig. 10.9). 
Most forms of urolithiasis are more common in male dogs, 
whereas struvite urolithiasis has a higher incidence in female 
dogs. The average age for development of a urolith is middle 
age (mean 6 [range 1-8] years); calcium-containing uroliths 
(CaOx and phosphate) tend to be found in older (mean 8.5 
[range 6-12] years) dogs. Other factors that help predict uro- 
lith composition are listed in Table 10.6. 


Species Units Urinary concentrations RSS 
Calcium Oxalate Ammonia Phosphate Magnesium Struvite CaOx 
mMol/L 
Dog (Dry) 317 Mean+SD_ 1.94+0.98 1.1440.75 96+47 3B) ae 223) 3.61+2.38 15460 100+7.0 6340.8 
Range 0.32-7.21 0.12-4.38 5-357 1-119 0.17-15.32 
Cat (Dry) 2386 Mean+SD 0.95+0.58 1.66+0.73 184463 844100 4104230 13419 41424 642404 
Range 0.10-6.33 0.38-7.46 Z5=5 7 123593 0.04-15.47 
Cat (Wet) 178 Mean+SD 0.644052 0.74+0.48 97+77 S027 Daas ilies; Wass) A NS 
Range 0.02-3.31 0.17-2.67 14-372 15-130 033=9)5 il 


RSS relative supersaturation, N number of individual urine samples analyzed, Dog (Dry) dogs being fed various dry expanded food (<14% moisture), 
Cat (Dry) cats being fed various dry expanded diets, Cat (Wet) cats being fed various moist food (moisture >75%). 


Table 10.5 Age, breed, and sex predispositions for urolithiasis in dogs 


Urolith type Commonly affected dogs 
Struvite 1-8 years (mean 6 years) Miniature Schnauzer, Bichon Frisé, Shih Tzu, Female (>80%) 
Miniature Poodle, Lhasa Apso 
Calcium oxalate 6—12 years (mean 8.5 years) Miniature Schnauzer, Lhasa Apso, Cairn Terrier, Male (>70%) 
Yorkshire Terrier, Cocker Spaniel, Bichon Frisé, 
Shih Tzu, Miniature Poodle 
Calcium phosphate 5-13 years Yorkshire Terrier Male (>70%) 
Urate Mean 3.5 years (mean <1 year with Dalmatian, English Bulldog. Miniature Schnauzer Male (>85%) 
portosystemic shunt) and Yorkshire Terrier with portosystemic shunt 
Cystine 2-7 years English Bulldog, Dachshund, Newfoundland Male (>90%) 
(mean 5 years), but <1 year in 
Newfoundland 
Silica 4-9 years German Shepherd, Old English Sheepdog Male (>90%) 


Adapted from" 
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10.5.1 Struvite 


10.5.1.1 Epidemiology 


In all published reports, females significantly outnumber males 
in struvite stone submissions. Most struvite stones (Fig. 10.10) 
in dogs are infection-induced, and females are at greater risk. 
This is likely due, at least in part, to the anatomy of the female 
urethra (short and wide compared with the male).'** 


35 E Miniature schnauzer 
(n=8) 


30 
E Labrador retriever 


(n=8) 
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20 
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Urine volume/day 


Micturitions/day Urine pH 

Fig. 10.9 Daily urine volume (mL/kg bodyweight®”), pH, and num- 
ber of micturitions in Labrador retrievers and miniature schnauzers 
(Adapted from’) 


10.5.1.2 Pathophysiology 


Ascending urea-splitting bacteria, such as Staphylococcus (and 
less commonly, Proteus and Ureaplasma), are implicated.°°* 
Urease hydrolyses urea, increasing urinary ammonium as 
well as pH, promoting the precipitation of struvite crystals.* 
Other conditions that promote struvite crystallization — such 
as foreign bodies in the bladder (Figs. 10.11 through 10.13), 
alkaline urine, diet, and genetic predisposition — may also be 
associated with urolith formation.” A significant number 


of infection-induced struvite uroliths have a small percent- 
age of other minerals, most noticeably calcium phosphate, 
associated with them (Figs. 10.14 and 10.15). Recurrent 
struvite urocystolithiasis has been documented in three 
related English cocker spaniels.*° Most dogs with struvite are 
middle-aged (typically 5-6 years of age) although older 


Fig. 10.10 Variability in the appearance of struvite uroliths in dogs 
(Courtesy of Andrew Moore, CVUC, Guelph, Ontario, Canada) 


Table 10.6 Factors that help predict urolith composition in dogs and cats (see also Tables 10.5 and 10.7) 


Breed, age, and sex 


Radiographic density of urolith 
Struvite, silica 
Cystine 
Ammonium urate 

Urine pH Struvite 

Calcium oxalate 

Ammonium urate, silica 

Cystine 

Crystalluria 


Presence of urinary tract infection 
(especially in dogs), and type of bacteria 
isolated from urine 


Disease associations (serum chemistry 
evaluation) 


Calcium oxalate, calcium phosphate 


++++ 

++ to ++++ 

+ to ++ 

Oto+ 

Usually alkaline 
No predisposition 
Acid to neutral 
Acid 


Cystine crystals are pathognomonic for cystinuria, which predisposes to cystine urolithiasis 


Urease-producing bacteria (Staphylococci, Proteus spp, Corynebacterium urealyticum) suggests 
struvite urolithiasis (primary or secondary) 


Hypercalcemia may be associated with calcium-containing uroliths 
Portosystemic shunts predispose to urate urolithiasis 


Hyperchloremia, hypokalemia, and acidosis may be associated with distal renal tubular acidosis 
and calcium phosphate or struvite uroliths 


Urine chemistry evaluation 
Family history of particular uroliths 


Urine relative supersaturation of various minerals included in the stone 


Quantitative analysis of uroliths passed during voiding, collected via catheter aspiration or by voiding urohydropulsion, or surgically removed 


Adapted from” 
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Labrador retrievers (6-10 years) and cocker spaniels (>10 
years) were at risk compared with mixed-breed dogs in one 
study.'® Infection-induced struvite is the most frequent type 
of urolith encountered in immature dogs.'* 


Fig. 10.11 Radiograph showing a sewing needle in the center of an 
infection-induced struvite bladder urolith in a mixed-breed female dog 
(Courtesy of Drs. Houston and Eaglesome) 


Fig. 10.12 Pine needles (plant material) in the center of infection- 
induced struvite stones in a dog (Courtesy of Andrew Moore, CVUC, 
Guelph, Ontario, Canada) 


Fig. 10.13 Suture material in the center of a urolith in a dog (Courtesy 
of Andrew Moore, CVUC, Guelph, Ontario, Canada) 


10.5.1.3 Treatment and Prevention 


Medical dissolution of struvite uroliths is possible. In dogs, 
dietary protein restriction reduces the amount of urinary sub- 
strate (urea) available for urease-producing bacteria. The 
urine pH should be in the acidic range (5.8—6.5). Canine diets 
can be formulated to induce acidic urine by careful dosage of 
sulfur amino acids, acidifying mineral sources (calcium 
chloride, calcium sulfate), and acidifiers (phosphoric acid, 
ammonium chloride), at the same time minimizing the use of 
alkalinizing mineral sources (calcium carbonate). The effi- 
cacy of these so-called acidifying diets has been shown in 
clinical studies.°’** Antibiotics must be administered for as 
long as the uroliths are visible radiographically, and for one 
additional month. If a UTI persists despite appropriate anti- 
biotic therapy, acetohydroxamic acid, an inhibitor of micro- 
bial urease, may be used*’; adverse effects include anorexia, 
vomiting, and hemolytic anemia.” 


Fig. 10.14 Lateral radiograph showing concentric rings of calcium phos- 
phate in an infection-induced struvite urolith from a female dog (Courtesy 
of Dr. Susan Purdy, Sackville Animal Hospital, Nova Scotia, Canada) 


Fig. 10.15 Canine struvite stone with calcium oxalate nidus (Courtesy 
of Andrew Moore, CVUC, Guelph, Ontario, Canada) 
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On average, infection-induced struvite uroliths in dogs 
dissolve in approximately 3-4 months.” Following dis- 
solution or mechanical removal of uroliths, a diet designed 
to help prevent recurrence is recommended. The diet 
should induce urine undersaturated for struvite (relative 
supersaturation [RSS] <1),°! urine pH <6.5, and/or be 
high in moisture (canned, pouch, or tray product) or 
designed to encourage diuresis (enhanced with sodium 
chloride). 


10.5.2 CaOx 


10.5.2.1 Epidemiology 


Males, small breeds (<10 kg), and older dogs are predisposed 
to CaOx uroliths (Fig. 10.16, Table 10.5),!419349051.62-65 
Labrador retrievers, golden retrievers, and German shep- 
herds appear to be at low risk for CaOx uroliths.*4°°°! 
Although a genetic basis has not been established as a cause 
of CaOx formation in dogs, differences in mineral meta- 
bolism and urine composition may provide an explanation 
for such breed susceptibility. For example, miniature 
schnauzers urinate significantly less often, and have a lower 
urine volume, significantly higher urine pH, and significantly 
higher urinary calcium concentration than Labrador retriev- 
ers” (Fig. 10.9). 


10.5.2.2 Pathophysiology 


The pathophysiology of CaOx uroliths is poorly understood. 
Compared with healthy individuals of the same breed, CaOx 


Fig. 10.16 Variability in appearance of calcium oxalate uroliths in 
dogs (Courtesy of Andrew Moore, CVUC, Guelph, Ontario, Canada) 


stone-formers have higher urinary concentrations of calcium 
and oxalate, but lower concentrations of potassium and phos- 
phorus.°**’ CaOx uroliths are rarely associated with UTI, and 
CaOx crystals can form at any physiological urine pH. A 
major risk factor for CaOx uroliths is urinary calcium and 
oxalate supersaturation. Intestinal hyperabsorption of cal- 
cium has been reported in stone-forming miniature schnau- 
zers.® Other factors that have been suggested to promote 
CaOx supersaturation include excess dietary intake of cal- 
cium, vitamin D, or vitamin C; disorders contributing to 
hypercalcemia (e.g., lymphoma, primary hyperparathyroid- 
ism) or calcium mobilization (hyperadrenocorticism, chronic 
glucocorticoid treatment); and diets containing large quanti- 
ties of oxalate (spinach, wheat germ, sweet potatoes).*°!07-°8- 
Defective nephrocalcin or other natural inhibitors of CaOx 
uroliths have also been proposed. In epidemiological studies, 
dry diets — especially those resulting in increased acidifica- 
tion of urine — have been associated with a greater risk for 
CaOx uroliths.°* Dietary factors associated with a decreased 
risk of CaOx urolithiasis in dogs include increased dietary 
water, protein, calcium, phosphorus, magnesium, sodium, 
potassium, and chloride and decreased carbohydrate 
content.°~° 


10.5.2.3 Treatment and Prevention 


Medical dissolution of CaOx uroliths is not possible; they 
require mechanical removal via surgery, voiding urohydro- 
pulsion, or lithotripsy, and basket retrieval of urolith frag- 
ments. Postsurgical recurrence rates are high (>50% within 
3 years), and it is important to open the bladder fully and 
retrieve all uroliths, and to confirm this with postoperative 
radiography.°*”"7! At the time of writing, only canine 
diets promoting diuresis by their high moisture and/or 
sodium content (around 1% on a dry matter basis) have 
been shown to reduce CaOx urine RSS in normal dogs, and 
return stone-formers to the metastable supersaturation 
range (Fig. 10.17).°°"” Epidemiological studies have 
identified acidifying dry diets as a risk factor for CaOx; in 
contrast, a high moisture, high sodium diet reduces CaOx 
RSS in stone-forming dogs“: (Fig. 10.18) and also has a 
preventive role. The pathophysiology of CaOx uroliths 
is still poorly understood and the association with acidify- 
ing diet might be due to other confounding factors such as 
the increased lifespan of pets, or pet food formulation 
changes that have occurred over the same period.’ The role 
of urinary pH remains controversial (see also section on 
FELINE UROLITHS: CaOx).*” Hydrochlorothiazide 
diuretics may be used in dogs with recurring CaOx 
urolithiasis.® 


10 Stone Disease in Animals 


139 


14 35 

12 30 œ 
a Ey 
œ% 10 25 S 
2 4 20 $ 
F] 2 
So 13 
E ° E 
5 4 10 = 
Es n, 
oO 2 5 

0 el 0 


0.05 02 03 


Dietary sodium (g/100 kcal) 


Fig. 10.17 The effect of dietary sodium content on calcium oxalate 
relative supersaturation (RSS) and urine volume in miniature schnau- 
zers (Used with permission from”) 
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Fig. 10.18 Reduction of calcium oxalate relative supersaturation to 
within the metastable range (1—12) in stone-forming dogs (n = 17) after 
being fed a high moisture, high sodium (1% on a dry matter basis) diet 
for 1 year (Adapted from.°’) 


10.5.3 Purine 


10.5.3.1 Epidemiology 


Purine uroliths (ammonium urate, sodium urate, calcium urate, 
uric acid, and xanthine; Fig. 10.19) account for 5-10% of uro- 
liths submitted to stone laboratories and are the third most 
common urolith in dogs.4'*!°?!8474 The most commonly 


Fig. 10.19 Canine purine (ammonium urate) stones (Courtesy of 
Andrew Moore, CVUC, Guelph, Ontario, Canada) 


affected breed is the Dalmatian; others include the English 
bulldog, miniature schnauzer, shih tzu, Yorkshire terrier, 
cocker spaniel, and black Russian terrier.'°°°° A familial ten- 
dency has been suggested for English bulldogs.” 


10.5.3.2 Pathophysiology 


All Dalmatians are genetically (autosomal recessive) at 
risk,” although not all suffer clinically, and males are sig- 
nificantly more affected than females.!°?!7475778182 Most 
females never show clinical signs, most likely due to the 
small size of the stones and the anatomical differences 
between the sexes.” Other factors may also modulate the 
phenotypic expression of the mutation — the urinary excre- 
tion of Tamm-Horsfall protein (THP) and glycosaminogly- 
cans (GAGs) in hyperuricosuric, stone-forming Dalmatians 
is lower than in nonstone-formers.** Other susceptible breeds 
(black Russian terrier) have the same mutation.” 

The molecular nature of this genetic disease has been 
determined. The mutation means that affected dogs are less 
efficient at metabolizing uric acid to allantoin in their liver, 
and urate is less efficiently reabsorbed in the renal proximal 
tubule because of a mutation in the gene SLC2A9 coding for 
the protein responsible for the transport of urate across the 
cell membrane of those tissues” (Fig. 10.20). Dalmatians 
convert only 30-40% of uric acid to allantoin and excrete 
20-fold higher amounts (400-600 mg/day) of urate in their 
urine than normal dogs.” Hyperuricemia (1-2 mg/dL versus 
<0.5 mg/dL in normal dogs) is present in Dalmatians, but it 
does not induce gout (as it would in humans), probably due to 
a lower serum concentration (1-2 mg/dL versus 3-7 mg/dL, 
respectively). Hyperuricosuria predisposes affected dogs to 
forming urinary stones, LUTD signs, and obstruction. 
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Fig. 10.20 Purine metabolism in normal and Dalmatian dogs (and 
other affected breeds). Because of a defect in the uric acid transport 
system in the hepatocytes and the proximal tubules of the kidney, 


Younger animals with portosystemic vascular shunts are 
also at risk for purine stones,” and severe hepatic dysfunc- 
tion (regardless of cause) may predispose any breed to urate 
uroliths.* 


10.5.3.3 Treatment and Prevention 


Surgical therapy is temporarily curative but medical therapy 
is required to minimize recurrence. Recurrence rates for 
urate uroliths are 33-50%, generally within 1 year, although 
in as little as 3-6 months in a high-risk dog without dietary/ 
drug intervention.”** Medical management consists of feed- 
ing a low purine, and low-to-moderate protein, diet as well as 
promoting diuresis.’ A urinary pH of 6.5-7.0 is targeted. 
Urinary pH above 7.5 should be avoided as this increases the 
risk of calcium phosphate precipitation, while a more acidic 
pH promotes precipitation of uric acid." It is possible to dis- 
solve purine stones: a low purine diet, in combination with 
allopurinol and increased diuresis, is recommended.” The 
urine pH should be maintained at 6.5—7.0 to minimize levels 
of ammonia and ammonium ions, decreasing the risk of 


salvage 


pa Kidney 


Dietary purines 


degradation 


Adenine 


Allopurinol 


Dalmation and 
other affected dogs 


purine catabolism results in hyperuricosuria. Number in brackets is 
percentage excretion, in the urine, of purine as uric acid or 
allantoin 


ammonium urate urolithiasis. Potassium citrate may be 
needed to help maintain alkaline urine. Allopurinol, an 
inhibitor of xanthine oxidase (the enzyme responsible for 
catalyzing the conversion of xanthine and hypoxanthine to 
uric acid) is recommended to decrease urinary uric acid 
excretion in dogs. However, as when used for leishmaniasis, 
allopurinol treatment must be accompanied by a low purine 
diet to prevent the formation of xanthine stones. 

Xanthine urolithiasis (Fig. 10.21) occurs naturally (although 
uncommonly) in some breeds (e.g., cavalier King Charles 
spaniel, dachshund).****° Mechanical or surgical removal of 
xanthine uroliths is necessary as no medical dissolution proto- 
col is available. 


10.5.4 Cystine 


10.5.4.1 Pathophysiology 


Cystinuria is an inborn error of metabolism characterized by 
defective proximal tubular reabsorption of cystine and other 
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F 1 Xanthine urolith from a dog (Courtesy of Andrew Moore, 
CVUC, Guelph, Ontario, Canada) 


| Cystine calculi from a dog (Courtesy of Andrew Moore, 
CVUC, Guelph, Ontario, Canada) 


amino acids (lysine, arginine, ornithine, citrulline, taurine, 
threonine, cystathionine, glutamine, and glutaminic acid).*’ 
Cystinuric dogs (Fig. 10.22) reabsorb a much smaller propor- 
tion of cystine than is filtered by the glomerulus, and some may 
even have net cystine secretion.** Not all cystinuric dogs form 
uroliths. In those that do, recurrence is common (38%), usually 
within a year.* Dogs with cystinuria can also have carnitinuria, 
with its associated increased risk of carnitine deficiency.” 

Canine cystinuria is genetically heterogeneous; it has been 
recognized in more than 60 breeds worldwide with variable 
patterns of aminoaciduria.***?!°> A European study showed 
that cystine stones are most likely to affect Irish terriers, basset 
hounds and Munsterlanders, while, in Germany, dachshunds 
are most frequently affected, possibly due to their widespread 
popularity.” In North America, cystine stones are especially 
common in English bulldogs and Newfoundlands. '*+'° 

The mode of inheritance has been documented in the 
Newfoundland to be a simple autosomal recessive pattern.**” 
In French and English bulldogs, the genes SLC3A/ and 
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SLC7AQ have been implicated.” Pedigrees from inbred lines 
of dachshunds, basset hounds, and Rottweilers suggest a 
sex-linked or autosomal recessive pattern of inheritance.” 


For cystine dissolution, a low protein diet (25-50 g pro- 
tein/1,000 kcal) is recommended, and this should be supple- 
mented with carnitine (50-100 mg/kg orally, three times a 
day) and taurine (500 mg orally, twice a day).”’ Additional 
alkalinization may be needed with potassium citrate. N-(2- 
mercaptopropionyl)-glycine (2-MPG), a thiol-containing drug, 
is indicated for cystine urolith dissolution and prevention. 
These drugs react with cystine by a thiol disulfide exchange 
reaction, resulting in the formation of a complex that is more 
soluble in urine than cystine.” 


Approximately 1% of submissions in North America are 
silica uroliths (Fig. 10.23).*'° They may occur in dogs with 
pica (i.e., eating soil) or in dogs eating diets high in cereal 
grains containing silicates (e.g., corn gluten and soybean 
hulls).” Silica crystals are not shed into the urine, and silica 
uroliths may be an incidental finding in some dogs. For pre- 
vention, a good quality dog food is recommended. 


Calcium phosphate crystals are commonly found as a minor 
component within struvite and CaOx uroliths, and are more 
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Silica urolith from a dog (Courtesy of Andrew Moore, 
CVUC, Guelph, Ontario, Canada) 
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likely at high urine pH (>7.5).* Calcium phosphate uroliths 
occur in the same breeds as CaOx uroliths, and the risk fac- 
tors are similar (including primary hyperparathyroidism, 
other hypercalcemia disorders, renal tubular acidosis, idio- 
pathic hypercalciuria, and excessive dietary calcium and 
phosphorus ingestion).”* 


10.5.7 Pyrophosphate and DSBC 


Pyrophosphate and DSBC are uncommon and, in dogs, little 
is known about them at this time. Further discussion on 
these urolith types is found in sections on feline Potassium 
magnesium pyrophosphate and DSBC. 


10.5.8 Compound Uroliths 


Compound uroliths consist of a nucleus of one mineral 
type and a shell of another mineral type (Figs. 10.14 and 
10.15). They form because the factors promoting precipi- 
tation and formation of one type of urolith supersede ear- 
lier factors promoting the precipitation of another type. 
Some mineral types may also function as a nidus for depo- 
sition of another mineral; for example, all uroliths predis- 
pose to UTI, which may result in secondary struvite 
precipitation.* 


10.5.9 Drug Metabolites Appearing 
as Urinary Stones 


These are rare in dogs. First-generation sulphonamides, sul- 
phadiazine, tetracycline, trimethoprim sulpha, enroflaxacin, 
and antacids have been implicated, with sulphonamide and 
sulphadiazine most frequently reported.” 


Table 10.7 Age, breed, and sex predispositions for urolithiasis in cats 


10.6 Feline Uroliths 


Uroliths are associated with around 20% of feline LUTD 
cases. Urethral obstruction is quite uncommon in cats with 
stones. Although most uroliths are found in the bladder, the 
prevalence of kidney and ureteral stones has increased, espe- 
cially in cats with renal disease.” Age, breed, and sex predis- 
positions have been reported in cats (Table 10.7). As in the 
dog, the composition of uroliths can also be predicted based 
on radiographic appearance, urine analysis and appearance 
of sediment, presence of UTI, and association with other 
diseases (Table 10.6), but all uroliths removed should be sub- 
mitted for quantitative analysis. 


10.6.1 Struvite 


10.6.1.1 Epidemiology 


Struvite (Fig. 10.24) is one of the most common minerals 
found in feline uroliths and urethral plugs. Himalayan, 
Persian, and mixed-breed domestic cats are commonly 
implicated, but they are also the most popular breeds. Rex, 
Burmese, Abyssinian, Russian blue, Birman, and Siamese 
cats appear to be at lower risk of developing struvite uro- 
liths.*!°°! Some, but not all, authors have reported a higher 
incidence in females than males.*'* Although struvite can 
occur at any age, most occur in middle age (mean 7 + stan- 
dard deviation 3.5 years).**'8 


10.6.1.2 Pathophysiology 


In cats, the majority of struvite uroliths are ster- 
ile.®!%51.100.101,.103 Infection with urease-splitting organisms 
is rare, except in kittens, elderly cats (>10 years of age), 
and those with concomitant disease (e.g., perineal ure- 
throstomies, diabetes mellitus, hyperthyroidism, chronic 


Urolith type 


Average age 


Struvite 5.8 years 
Chartreux 
Calcium oxalate 7.5 years 
Calcium phosphate 8 years None 
Urate 5 months to Egyptian Mau, Siamese 
15 years 
Cystine Middle age None 
Silica ? None 


Adapted from“! 


Domestic shorthair (mixed breed), Himalayan, Persian, Ragdoll, 


Himalayan, Persian, Ragdoll, domestic shorthair (mixed breed) 


Commonly affected breeds 


Relatively equal 


Male 1.5 times > female 
P 


Males slightly > females 


Males slightly > females 
Male 
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Fig. 10.24 Variability in appearance of struvite stones in cats. Note 
that although many struvite uroliths take on a wafer-shaped appearance 
like the urolith in the bottom right hand corner, there is wide variability 
in appearance (Courtesy of Andrew Moore, CVUC, Guelph, Ontario, 
Canada) 


renal failure). The resistance of cats to ascending infec- 
tion is due to the concentrated nature (specific gravity 
1.025-1.090) and low pH (5.8-6.5) of their urine. The 
main cause of struvite uroliths in cats is urinary super- 
saturation with magnesium, ammonium, and phosphate; 
as well as elevated urinary pH (>6.5), because of poor 
diet formulation (see acidifying diets under Treatment 
and Prevention). 


10.6.1.3 Urinary Plugs 


A common cause of feline LUTD is the presence of gritty 
material, comprising large quantities of a proteinaceous 
matrix, which can aggregate in the urethra of male cats and 
form a urethral plug. In 16% of cases, urethral plugs are 
composed of the matrix alone, but 75.7% also contain stru- 
vite crystals; a minority (1.4%) comprises matrix and 
CaOx crystals.! Plugs are the most common cause of ure- 
thral obstruction and occur mostly in young (<4 years of 
age) male (97.4%) cats.!™ The pathophysiology underly- 
ing the formation of the proteinaceous matrix is still poorly 
understood but inflammation (of unknown origin) is the 
proposed hypothesis.'“ 


10.6.1.4 Treatment and Prevention 


Struvite crystal formation can be prevented, and struvite uro- 
liths can be dissolved, by feeding a diet that induces a urine 
pH below 6.5 and contains moderate amounts of magne- 
sium.'°'°8 Urine pH is a much more important factor than 
dietary magnesium, however.’ The ability of a diet to acidify 


urine depends on the ingredients used and the addition of 
acidifiers such as methionine and phosphoric acid. Animal 
proteins, corn gluten, digests, and mineral salts such as cal- 
cium chloride or calcium sulfate promote acidic urine. Most 
vegetable proteins and mineral salts such as calcium carbon- 
ate promote alkaline urine. Urine acidification is not without 
potential toxicity. Excessive acid load (urine pH <6.0) can 
overwhelm the ability of the kidney to excrete protons and 
induce uncompensated metabolic acidosis. Chronic acidosis 
in cats increases urinary potassium loss and can lead to potas- 
sium deficiency. Excessive acidification may slow growth, 
increase calcium excretion, and promote bone demineraliza- 
tion. Urine dilution and increased urinary flow reduces the 
concentration of lithogenic substances and, by increasing the 
frequency of micturitions, reduces the time available for sol- 
utes to form crystals and stones. Diuresis can be stimulated 
by increased water intake, which can be achieved by feeding 
diets containing >75% moisture and by increasing the fre- 
quency of meals“ (Fig. 10.25), and/or by a high dietary 
sodium content (2.5 g/1,000 kcal).°4710%1'° 

The efficacy of magnesium-restricted, urine acidifying, 
canned!°”'°8 and dry!°®!!! diets designed to dissolve feline stru- 
vite uroliths has been shown. Usually, struvite uroliths in cats 
dissolve in approximately 1 month. It is recommended that 
therapy should continue for 1 month after radiographic docu- 
mentation of struvite dissolution. If the struvite stone is associ- 
ated with a UTI, antibiotic therapy is required alongside the 
dietary management, and urine culture should be performed 
1 month after complete dissolution of the stone. Following 
treatment for obstruction with a urethral plug associated with 
struvite crystals, it is recommended to feed lifelong an acidify- 
ing diet and to promote water consumption as long-term 
prophylaxis.“ 
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Fig. 10.25 Water consumption and daily frequency of meals in cats 
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10.6.2 CaOx 


10.6.2.1 Epidemiology 


CaOx (Fig. 10.26) is the other common urolith found in cats. 
Most prevalent at the end of the 1990s, the latest surveys 
indicate that CaOx uroliths have subsequently declined, and 
are now slightly less frequent than struvite (Fig. 10.8).?7*"° 
Himalayans and Persians appear to be at risk for CaOx uro- 
lithiasis.*'* Indoor housing and older age (mean 10.6 + 1.3 
years) are also risk factors.''“*''° 


10.6.2.2 Pathophysiology 


Although not proven, the surge of CaOx submissions in the 
mid 1980s in North America (Fig. 10.8) and in the 1990s in 
Western Europe has been attributed to the widespread use of 
acidifying diets; as well as unmasking other causes of LUTD, 
these diets could promote CaOx formation.*’“°”* Several ret- 
rospective case-controlled studies have found a positive 
association between the acidifying potential of commercial 
diets and the risk of CaOx uroliths.'°'!!*''° Persistent aciduria 
may be associated with low-grade metabolic acidosis, 
resulting in increased urinary excretion of calcium (hyper- 
calciuria).'*’° In five cats with hypercalcemia and CaOx 
uroliths, discontinuation of acidifying diets or urinary acid- 
ifiers was associated with normalization of serum calcium 
concentration.!'* However, many cats are fed acidifying 
diets and yet few appear to develop hypercalcemia, meta- 
bolic acidosis, and CaOx urolithiasis. Also, the authors 
found that in normal cats, urinary pH was a rather poor 
predictor of CaOx RSS.*!'5 More work in stone-forming 
cats is necessary on this issue. 


Fig. 10.26 Variability in appearance of feline calcium oxalate uroliths. 
Most often, calcium oxalate dihydrate has a speckled appearance as in 
bottom right hand corner of the figure; calcium oxalate monohydrate 
may appear round as in the bottom left hand corner (Courtesy of 
Andrew Moore, CVUC, Guelph, Ontario, Canada) 


Other environmental factors might be involved. Case- 
controlled studies have found that aside from their moderate 
acidifying potential, diets with the highest levels of moisture, 
protein, sodium, and potassium, and with moderate levels of 
calcium, phosphorus, magnesium, fat, and carbohydrates, 
and low fiber contents were associated with a decreased risk 
for CaOx.*!!* Excessive levels of vitamin D (>500 IU/1,000 
kcal, because of its role in calcium absorption) and vitamin 
C (>50 mg/1,000 kcal, because it is a precursor of oxalic 
acid) should be avoided. Experimentally induced vitamin 
B, deficiency, resulting in increased urinary oxalate concen- 
trations and oxalate nephrocalcinosis, has been reported in 
kittens,''° but a naturally occurring form of this syndrome is 
yet to be reported. Furthermore, supplementation with vita- 
min B, does not decrease urinary oxalic acid excretion com- 
pared with a diet containing adequate levels of vitamin B,'"” 
Both dietary magnesium restriction and supplementation 
have been associated with increased risk of CaOx urolithia- 
sis in cats; consequently, diets should be neither severely 
restricted in, nor supplemented with, magnesium.!”! 

Diets high in sodium (e.g., 1.75-5.2 g/1,000 kcal) and 
moisture (75-85%) are highly effective in stimulating water 
consumption and diuresis in cats (Fig. 10.27a, b, c),°47:10%''° 
and, as in dogs, reduce CaOx RSS.”!!"'*7! Increased diuresis 
promotes urine dilution and increased frequency of micturi- 
tion, providing insufficient time for the nucleation and aggre- 
gation of urine crystals.“ 

Higher salt intake has been associated with increased uri- 
nary calcium excretion in humans, dogs, and cats.!**’ This 
led to the assumption that high salt diets could promote CaOx 
formation in both dogs and cats, and thus to the recommen- 
dation that diets designed for the management of LUTD 
should be low in sodium.'* However, although increased 
sodium intake increases calcium excretion, urinary calcium 
concentration does not increase because of the concomitant 
increase in urine volume and significant decrease in CaOx 
RSS.7>10115118-121 The levels of dietary salt that stimulate 
diuresis do not appear to affect blood pressure; this has been 
shown in healthy pets, in cats with early renal disease, as 
well as in feline models of renal failure. ~!” 


10.6.2.3 Treatment and Prevention 


To date, no diet or treatment will promote the dissolution of 
CaOx uroliths. If they cannot be voided by urohydropropul- 
sion, surgery is the only practical alternative. Hypercalcemia 
has been reported in up to 35% of cats with CaOx 
uroliths.'*!7>!6 Serum calcium levels and urinary excretion 
should be checked and corrected if necessary. The use of 
hydrochlorothiazide has been suggested for use in cats, but 
its efficacy and safety have not been evaluated in those with 
CaOx uroliths. The recurrence rate for CaOx uroliths is 
7.1%, occurring within a few years (mean 23 months). 
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ity (USG), and calcium oxalate (CaOx) relative supersaturation (RSS). (a) 
Cats fed diets containing a moderate sodium content (2.75—-4.0 g/1,000 


Therefore, CaOx stone-forming cats should be fed a diet pro- 
moting diuresis and low CaOx RSS. 


10.6.3 Purine 


10.6.3.1 Epidemiology 


Purine uroliths (Fig. 10.28) are the third most common 
type in cats. Ammonium urate is the most common, but 
sodium urate, sodium calcium urate, and potassium urate 


Œ Na < 1.75 g/1000 kcal 
o Na 2.75-4 g/1000 kcal 


E Na < 1.75 g/1000 kcal 
o Na 2.75-4 g/1000 kcal 


Calcium Oxalate RSS 


m Na < 1.75 g/1000 kcal 
D Na 2.75-4 g/1000 kcal 


kcal) had significantly higher water intake and urine volume, and (b) sig- 
nificantly lower urine specific gravity, and (c) calcium oxalate RSS com- 
pared with cats fed lower sodium (<1.75 g/1,000 kcal) diets 


also occur; uric acid and xanthine uroliths are less fre- 
quent. Purine uroliths account for around 5-8% of stone 
submissions in cats!**34°!° and this has not changed sig- 
nificantly in the last 2 decades (Table 10.3). In Canada, a 
significant number of urate submissions were from 
Egyptian Maus and further investigations in this breed are 
underway.'*** Xanthine uroliths are rare and may be due 
to an inborn error of purine metabolism or administration 
of allopurinol.'** In most cases, no identifying risk factors 
are observed, and there is no apparent breed, age, or sex 
predisposition.!*!??°° The risk of recurrence is high 
(within 3—12 months). 13128-130 
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Fig. 10.28 Feline urate urolith (Courtesy of Andrew Moore, CVUC, 
Guelph, Ontario, Canada) 


10.6.3.2 Pathophysiology 


Urate uroliths may occur in cats with portosystemic shunts 
or any form of severe hepatic dysfunction. Other risk factors 
include UTI (leading to increased urinary ammonia), meta- 
bolic acidosis, highly acidic urine, and high dietary purine 
intake (e.g., liver or other organ meats).'7'”? The exact patho- 
genesis in most cats remains unknown.'” Recurrence rates 
are 10.9% (mean 20 months). The recurrence rate is 1.8 times 
higher in females than in males.” 


10.6.3.3 Treatment and Prevention 


Diets low in purines and protein are recommended to help 
prevent these metabolic uroliths. The efficacy and potential 
toxicity of allopurinol in cats is unknown and, consequently, 
its use is not recommended. 


10.6.4 Calcium Phosphate 


Calcium phosphate uroliths are uncommon in cats. 
Hydroxyapatite and carbonate apatite are the most common 
forms; brushite (calcium hydrogen phosphate dihydrate) is 
less common. Pure calcium phosphate uroliths may be associ- 
ated with primary hyperparathyroidism, disorders that predis- 
pose to hypercalciuria (hypercalcemia, vitamin D intoxication, 
systemic acidosis, excess dietary calcium), disorders that pre- 
dispose to hyperphosphaturia (excess dietary phosphorus), 
decreased urine volume, highly alkaline urine, and, at least 
for nephroliths, the presence of blood clots. They often 
occur as a minor component in struvite and CaOx stones. 


10.6.5 Cystine 


Cystine uroliths occur in cats with cystinuria, an inborn error 
of metabolism characterized by defective proximal tubular 
reabsorption of cystine and other amino acids (ornithine, 
lysine, arginine).'*'”!?*!3! No obvious gender or other predis- 
position has been reported, but the Siamese breed may be at 
risk. Most cats are middle-aged or older.’ 


10.6.6 Potassium Magnesium 
Pyrophosphate 


Potassium magnesium pyrophosphate uroliths have been 
reported in Persian cats. Although the etiology is not 
known, it is postulated to be related to some temporary or 
permanent enzymatic dysfunction, causing pyrophosphate 
supersaturation of the urine and leading to crystallization of 
the urolith.!* 


10.6.7 DSBC 


Dried solidified blood calculi (DSBC) have been reported in 
North American cats." The etiology is unknown. They gener- 
ally contain no crystalline material, and are thought to be 
formed from organic material (Fig. 10.29). Many are 
radiolucent. 


Fig. 10.29 Dried solidified blood calculi (Courtesy of Andrew Moore, 
CVUC, Guelph, Ontario, Canada) 
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10.6.8 Compound Uroliths and Drug 
Metabolite Containing Uroliths 


Descriptions are found under the CANINE UROLITHS 
section. 


10.7 Conclusions 


In both dogs and cats, uroliths are common and represent 
one-fifth of cases of LUTD. Contrary to common belief, uri- 
nary stones are more common in dogs, especially small dogs 
than in cats. Upper urinary tract uroliths are less common 
than in humans, but their prevalence is increasing, especially 
in cats. Dietary management modulates the occurrence of 
struvite and purine stones in both dogs and cats. The 
pathophysiology of CaOx stones is probably multifactorial, 
and the exact roles of diet and urinary pH remain to be 
investigated. Pending this work, promotion of diuresis and 
urine dilution by feeding a moist and/or higher sodium diet 
could be beneficial in both dogs and cats. Prevalence of 
other stone types is low in both dogs and cats; their treat- 
ment is a combination of surgical, dietary, and medical 
management. 
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Pathogenesis of Stones: 
Summary of Current Concepts 


Allen Rodgers 


Abstract Research involving the traditional factors that direct the pathogenesis of kidney 
stone disease — hypercalciuria, primary hyperparathyroidism, hyperoxaluria, hypocitraturia — 
has progressed gently during the past several years, but has not unveiled any new dramatic find- 
ings. However, meaningful results have emerged from sophisticated scientific studies in at least 
three other areas — oxalate-degrading bacteria, Randall’s plaque, and genetic determinants. Both 
groups of pathogenic factors — traditional and other — are summarized in this review. 


11.1 Introduction 


The pathogenesis of kidney stone disease has been a topic 
of discussion among researchers for many years. Numerous 
general reviews have been published.“ Because of the vast- 
ness of the topic and the complexities of the individual 
pathological conditions giving rise to the formation of 
stones, the literature also bounds with more esoteric type 
reviews that have focused on individual conditions rather 
than on the entire spectrum of disorders giving rise to dif- 
ferent types of stone. These reviews have been compiled by 
highly respected scientists and clinicians, each of whom is 
an expert in their particular fields. The entire body of work 
comprises a superb and in-depth description of the evolving 
knowledge-base on the pathogenesis of stones. A glance 
through the titles of the articles that have been published 
reveals the repetition of phrases having a common theme — 
“New insights” (1997, 2000, 2004, 2008), “Update” (1997), 
“Recent progress” (2007). Scrutiny of these articles reveals 
a subtle increase in our fundamental understanding of the 
pathogenesis of stone disease over the years, rather than one 
in which our understanding is accelerating. Indeed, many of 
the aforementioned articles do not really describe dramatic 
breakthroughs. Generally, they repeat that which is widely 
known, but nevertheless describe a small incremental move 
forward, as is the nature of an evolving field. This is not 
intended to be a criticism from the present author, but rather 
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a personal observation. To the contrary, the present author 
remains in awe of the depth of knowledge displayed by the 
writers of reviews on this topic and feels it is unnecessary to 
rehash in a repackaged format that which is already known 
and which has been elegantly reviewed and critiqued by the 
aforementioned authors. A better approach, and the one 
adopted for this chapter, is to provide an up-to-date sum- 
mary of the current concepts relating to the main patho- 
genic stone factors, and to highlight those which have 
indeed opened up new and fresh insights during the past 
5-10 years. 

The principal pathogenic factors that have been substan- 
tiated in numerous studies are hypercalciuria, primary 
hyperparathyroidism, hyperoxaluria, hypocitraturia, and 
hyperuricosuria. These have all been extremely well 
described and characterized. These conditions will be sum- 
marized with a view to providing background to the “new” 
concepts that provide the main focus of this chapter. 

Irrespective of the individual pathogenic etiologies of the 
aforementioned conditions, they culminate in a chemical 
milieu in urine that favors the crystallization of urinary salts 
and stone formation. This gives rise to a range of physico- 
chemical scenarios that have also been previously grouped 
under the general heading of “pathogenesis.” Among these are 
included supersaturation and the inhibitor-promoter theory. 
These too will be described in this chapter. 

So, what are the pathogenic factors that, in the view of 
the present author, have attracted a lot of attention during 
the past 5-10 years and which have provided the stone 
research community with genuinely “new insights”? They 
are (1) oxalate-degrading bacteria, (2) plaque, and (3) 
genetic factors. 
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11.2 Idiopathic Hypercalciura 


This pathogenic factor has been fully described in several 
excellent general reviews'**>” and most recently by an article 
dedicated solely to this condition.* 

Idiopathic hypercalciuria is the most common metabolic 
abnormality in patients suffering from calcium urolithiasis.* It 
has been termed as a “syndrome of unexplained hypercalciu- 
ria”.! Despite the substantial body of work that has been pub- 
lished on this condition, attention has been drawn to the fact 
that the term “idiopathic hypercalciuria” has generally been 
applied to a heterogeneous group of disorders and that a more 
pathophysiologically oriented classification distinguishes 
between defects in one or a combination of three organs: kid- 
ney (renal leak), bone (resorptive), and gut (absorptive). 

Systemic acidosis and protein load with some overlapping 
pathogenetic mechanisms are cited as two very important 
causes of hypercalciuria.° The role of the latter of these two 
mechanisms is more complicated and questions remain con- 
cerning the components in protein, besides acid, that cause 
hypercalciuria and the effects, if any, on intestinal absorption. 

Worcester and Coe’ suggest that idiopathic hypercalciuria 
is not a disease but rather a manifestation of the high end of 
a wide range of physiological calcium excretion rates. 


11.3 Hyperparathyroidism 


About 5% of stone patients have this disease.* It is distin- 
guished from idiopathic hypercalciuria by virtue of the high 
blood calcium levels that occur in this condition, while nor- 
mal levels occur in idiopathic hypercalciuria. Parathyroid 
hormone increases the synthesis of calcitrol, which increases 
the intestinal absorption of calcium, culminating in an 
increase in calciuria. Hyperparathyroidism will therefore 
lead to hypercalcaemia and hypercalciuria. Several reviews 
have devoted descriptions to this disorder. ">? 


11.4 Hyperoxaluria 


As with idiopathic hypercalciuria, this pathogenic factor has 
been dealt with in some detail in the same reviews as those 
listed previously for idiopathic hypercalciuria. Coe, Evan, and 
Worcester“ differentiate between dietary, enteric, and primary 
hyperoxalurias. The first of these is associated with a low cal- 
cium or high protein or high oxalate diet, while the second 
arises in patients with small bowel disease, reaction, or bypass. 
The final pathology arises from a rare genetic disorder. 
Holmes and Assimos” are not convinced that an increased 
intestinal absorption is a consequence of a low calcium diet, 
claiming that this has been difficult to demonstrate. They 


suggest that a proportion of stone formers may hyperabsorb 
oxalate, but this remains to be determined. 


11.5 Hypocitraturia 


Numerous studies have demonstrated the prevalence of 
hypocitraturia in calcium oxalate urolithiasis patients, 
thereby providing convincing evidence in support of it being 
a critical pathogenic risk factor in this disease.''!? Empirical 
support for this notion has been provided by in vitro calcium 
oxalate precipitation experiments that have compellingly 
demonstrated that citrate is an effective inhibitor of the three 
principal mechanisms of crystallization, namely nucleation," 
growth," and aggregation.'* Hypocitraturia is estimated to be 
present in 20-60% of stone formers.’° 

Despite this compelling clinical and scientific evidence of 
the role of hypocitraturia in stone formation, its pathogenesis 
does not appear to have been exhaustively explored, but may 
arise from increased tubule reabsorption rather than reduced 
filtered load. Holmes and Assimos’ point out that while 
dietary factors — such as excessive sodium and animal pro- 
tein intakes — can influence citrate excretion, its precise role 
has not yet been fully defined. These authors speculate that 
genetic factors may play an influential role, but that research 
in this area is limited. 


11.6 Hyperuricosuria 


Early evidence in support of the notion that hyperuricosuria 
contributes to the formation of calcium oxalate stones was 
provided by a trial that demonstrated a decrease in stone for- 
mation with allopurinol relative to placebo.'’ Since then there 
appears to be general acceptance of a pathogenic link between 
the condition and the disease, but the nature of this relationship 
is yet to be resolved, despite the fact that several mechanisms 
have been proposed including heterogeneous nucleation and 
salting out. 

Although it might be tempting to consider hyperuricosuria 
as a risk factor for uric acid calculi, only a small fraction of 
patients who develop this type of stone have this urinary con- 
dition. Other risk factors such as low urinary volume and 
persistently low urinary pH are more important.'® 


11.7 Physicochemical Factors, Inhibitors, and 
Promoters 


Ultimately, for a stone to develop, at least two of the following 
crystallization processes have to occur: nucleation, growth, 
and aggregation. These processes themselves are governed 
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by the laws of physical chemistry that embrace, among other 
factors, solubility, saturation, equilibrium, thermodynamics, 
and kinetics. Any scenario in which the exquisite homeostasis 
of the system is disturbed could have dire consequences 
in terms of the crystallization mechanisms mentioned. The 
physical chemistry of a sophisticated chemical solution 
like urine is subtle and complex. Detailed descriptions of 
the physicochemical factors that contribute toward stone for- 
mation can be found in several seminal papers.” The prin- 
ciples that are fully described by these and other authors 
have been successfully invoked in stone formation by numer- 
ous researchers during the past 35 years. Interestingly, a rela- 
tively recent article proposed a radical new approach in 
which the concept of urinary supersaturation being the cause 
of stone formation was challenged.” This prompted a rebut- 
tal in which the arguments were articulately refuted.” 

The classic physicochemical risk factor model developed 
by Robertson and co-workers” has recently been refined.” It 
lists hypercalciuria, hyperoxaluria, hypocitraturia, hypomag- 
nesuria, hypouricosuria, low volume, and variations in pH as 
the key urinary conditions associated with stone formation. 
It is important to recognize that these are not pathogenic fac- 
tors per se but are rather pathogenic conditions arising from 
an inherent pathology. While intervention strategies to cor- 
rect these lithogenic conditions are available, it is the under- 
lying pathology that needs attention. 

Among the chemical factors involved with controlling 
and normalizing the crystal-forming potential of the chemi- 
cal milieu are a group of naturally occurring agents that have 
the ability to either inhibit (or modulate) crystallization pro- 
cesses or to promote them. Here there exists a substantial 
body of research studies that support this notion. In particu- 
lar, the reviews by Worcester?’ and Ryall” cover this area of 
urolithiasis research very thoroughly. Attention is also drawn 
to another excellent review that deals with both the physical 
chemistry and inhibitor approaches to urolithiasis.” 

As is well known, inhibitors fall into two groups: micro- 
molecular (citrate, pyrophosphate, magnesium) and macro- 
molecular (glycosaminoglycans, proteins). They exert their 
influence either by chelating the offending ion (generally 
achieved by the micromolecular group) or they coat the sur- 
face of physiological urinary crystals in a manner that pre- 
vents or retards growth or aggregation of these discrete 
entities (generally achieved by the macromolecular group). 
Another protective mechanism arising from the coating of 
crystals is to retard or prevent their adhesion to renal cells. 
Finally, there is evidence indicating that proteins may inhibit 
urolithiasis by facilitating the intracellular disintegration and 
dissolution of crystals attached to and internalized by renal 
epithelial cells.*° Of importance, however, is the point made 
by Bergsland and co-workers?! that although several studies 
have hypothesized or demonstrated that proteins in stone 
formers might suffer defects, deficiencies, or variations in 
their molecular structure, it remains unclear whether any of 


these is a cause or a consequence of stones. Herein lies a 
crucial issue. If it turns out that these inadequacies, whatever 
they might be, are not secondary to stone formation, then this 
syndrome can indeed be appropriately classified as a patho- 
genic factor of stone disease. The challenge for stone 
researchers is to solve this dilemma. 


11.8 Oxalate Degrading Bacteria 


Since Allison and coworkers proposed for the first time that 
oxalic acid degradation by Oxalobacter formigenes (an obli- 
gate anaerobe) may influence absorption of oxalate from the 
intestine and thereby contribute to hyperoxaluria,” there has 
been much interest and excitement among urolithiasis 
researchers. This interest has been entirely justified and con- 
tinues in current times. Studies have demonstrated that there is 
a direct correlation between hyperoxaluria (and concomitant 
calcium oxalate stone disease) and low colonization or absence 
of this bacterium.***° Similarly, infrequency of colonization 
with O. formigenes has been demonstrated in patients with 
cystic fibrosis** and inflammatory bowel disease,” in whom 
hyperoxaluria and calcium oxalate renal stones are common. 
These findings have prompted clinicians to administer this 
bacterium orally; some success has been reported.** 

An alternative approach has been to explore the possibility 
of reducing the urinary excretion of oxalate using other intes- 
tinal bacteria. Campieri and coworkers” achieved a decrease 
in a group of stone-forming patients by oral administration 
of a mixture of freeze-dried lactic acid bacteria (used in the 
dairy industry to modify the intestinal flora). Yet another 
approach has been to investigate the possible presence of 
other oxalate-degrading bacteria in the intestine. Providencia 
rettgeri® and Lactobacillus gasseri"' are among the new 
oxalate-degrading bacteria that have been identified and 
which are regarded as potential role players in calcium 
oxalate kidney stone formation. 

Notwithstanding these impressive results, a recent critique 
views the outcomes achieved with O. formigenes with some 
skepticism. However, it remains the view of the present 
author that low colonization or absence of oxalate-degrading 
bacteria of any type in the gut is a potential pathogenic factor 
for calcium oxalate stone disease. 


11.9 Randall’s Plaque 


In recent years, there have been several highly sophisticated 
endoscopic and histopathologic studies**“° focused on sites 
of interstitial calcium phosphate crystals (plaque), which 
were first described by Randall nearly 70 years ago.“ These 
studies have provided convincing evidence in support of a 
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pathogenic mechanism for stone formation in which an 
anchored nidus of urinary crystals could form as an over- 
growth on the interstitial plaque, permitting a fixed stone to 
form and grow over a period of several years.“ The funda- 
mental tenet of this hypothesis is that the interstitial plaque 
constitutes the initiating site of stone formation. In their 
review article, Coe, Evan, and Worcester? summarize the 
various stages of stone formation commencing with the 
deposition of plaque (in the form of biological apatite) in 
the basement membrane of the thin loops of Henle. It then 
extends to the suburothelial space where calcium oxalate 
stones form over the apatite particles that have coalesced in 
an organic milieu. While supersaturation of calcium oxalate 
is the driving force for the crystal overgrowth step, the forces 
that direct plaque formation are not obvious. Various mecha- 
nisms are currently under consideration. These include the 
hypothesis that in some patients the pH in inner medullary 
collecting ducts increases (potentially for a variety of rea- 
sons), which together with water extraction and high concen- 
trations of calcium culminate in apatite crystal formation.** 
If Randall’s plaque is to be justifiably classified as a patho- 
genic factor in stone disease, it is crucial to identify and char- 
acterize the underlying processes giving rise to its formation. 


11.10 Genetics 


Several relatively recent publications have provided detailed 
reviews of this vast and highly complex aspect of the pathogen- 
esis of urolithiasis.°'** In discussing “the genetics of kidney 
stone disease,” it is important to recognize that each lithogenic 
pathology requires its own dedicated consideration. 


11.10.1 Hypercalciuria 


About half of patients with idiopathic hypercalciuria have a 
family history of kidney stones.**** This condition is a conse- 
quence of interactions between environmental and genetic 
determinants.’ The genetic aspects have recently been 
described in detail.°° Idiopathic hypercalciuria is a complex 
trait involving several genes that themselves might differ widely 
from one patient to another.* Several candidate genes have been 
tested for their possible association with this disease, but as yet 
a conclusive linkage has not been established.** 

The genetic factors underlying hypercalciuria remain elu- 
sive.” Nevertheless, a substantial body of work has provided 
evidence in support of a genetic association. Several studies 
have implicated the vitamin D receptor gene in hypercalciuric 
nephrolithiasis.* Polymorphic variants of the gene encoding 
the calcium-sensing receptor, which regulates PTH secretion 


from parathyroid cells and calcium reabsorption in the distal 
convolute tubule, have also been implicated in the pathogen- 
esis of hypercalciuria.**’ 


11.10.2 Hyperoxaluria 


There have been considerable advances in the understanding 
of primary (genetic) hyperoxalurias Types I and IP during 
recent years. Type I, an autosomal trait arises from molecular 
abnormalities in the gene that codes for the activity of hepatic 
peroxisomal alanine-glyoxylate aminotransferase, thereby 
increasing the availability of glyoxylate, which is irrevers- 
ibly converted to oxalic acid.' Type II is caused by inactivat- 
ing mutations in the genes that code for glyoxylate reductase 
and hydroxypyruvate reductase.° 


11.10.3 Hypocitraturia 


Although mutations in renal citrate transporters such as NaCT, 
SLC13A5 have not yet been identified, these transporters 
are regarded as being possible candidate genes for stone 
formation.” 


11.10.4 Hyperurocosuria 


Inactivating mutations in the gene coding for the anion 
exchanger URAT1, which has been identified as a urate trans- 
porter, have been found in patients with idiopathic renal hypou- 
ricaemia and nephrolithiasis.*°* 


711.10.5 Cystinuria 


Multiple inactivating mutations in the genes SLC3A/ and 
SLC7A9 are known, giving rise to high urinary cystine con- 
centrations.*°* However, paradoxically, such concentrations 
can show great variability among patients. Moreover not all 
patients with these mutations form stones. Thus there are 
unresolved issues. 


11.10.6 Experts’ Comments 


Sayer” is enthusiastic about stone research using genomic 
techniques as he believes these will help identify the heritable 
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components of complex traits like hypercalciuria. Griffin” 
too is optimistic, stating that researchers are now making 
solid progress in separating the genetic complexities that will 
form the basis of an accurate genetic model of idiopathic 
urolithiasis. Moe? is a little more circumspect. He maintains 
that greater effort needs to be made to identify candidate loci 
and genes and that this will be extremely challenging. 


11.11 Conclusions 


It is apparent that the pathogenesis of kidney stone disease is 
a highly complex phenomenon involving multistep pro- 
cesses, all of which occur in an exquisite and orchestrated 
sequence of events. These processes are likely to involve 
physiological, physicochemical, biological, biochemical, 
and genetic principles, either individually or in synergy with 
one another. Attempting to unravel and characterize these 
presents huge challenges to researchers. Awareness of the 
difficulties is not new. The authors of the review articles cited 
in this chapter have all alluded to them. The fact that mean- 
ingful studies, many of them of a highly sophisticated scien- 
tific nature, continue to emerge is a great credit to the 
researchers in this field. Dogged perseverance and visionary 
insights are their hallmarks. These need to be sustained in the 
next era of stone research. 
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Calcium Metabolism and Hypercalciuria 


George E. Haleblian and Glenn M. Preminger 


Abstract Calcium metabolism and homeostasis are highly regulated and maintained within a 
narrow physiologic range. An understanding of its metabolism and various disorders in absorp- 
tion and excretion is essential to the understanding of nephrolithiasis. In this chapter, an overview 
of calcium metabolism in the nephron is presented. The role of diuretic effects on calcium trans- 
port is reviewed. Hormonal effects on calcium metabolism are discussed. Various medical treat- 
ment options for calcium nephrolithiasis are also presented along with guidelines for therapy. 


12.1 Calcium Metabolism 


Calcium metabolism and homeostasis are highly regulated 
and maintained within a narrow physiologic range. A total of 
1-2 kg of calcium is present in the average adult. Calcium is 
found predominantly as a divalent cation (Ca?) in the body 
and is essential to intracellular and extracellular signal trans- 
duction as well as the major structural component of the skel- 
eton and teeth in the adult. Ninety-nine percent of calcium 
found in the adult is in the bony skeleton and teeth. Of the 
calcium in circulation, 50% is found in the biologically active 
ionized form, 40% is bound to plasma proteins (predominantly 
albumin), and 10% travels with other anions (PO,, citrate) to 
form a neutral complex. Normal plasma Ca”* concentrations 
range from 8.8 to 10.3 mg/dL, while ionized calcium concen- 
trations are regulated to between 1.05 and 1.23 u(micro)M. 
An average of 800—1,000 mg of calcium is ingested on a 
daily basis by adults, mostly in the form of dairy products 
(Table 12.1) with an increasing number of adults taking 
dietary supplements. In addition, approximately 200 mg of 
Ca** enters the gastrointestinal (GI) tract through bile and 
GI secretions. Approximately 25% of dietary Ca’ is 
absorbed by the intestine with the remainder found in the 
stool. Balance between absorbed calcium, secreted calcium, 
and serum calcium is then maintained through complex inter- 
action between calcitonin, 1,25-dihydroxcycholecalciferol, 
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parathyroid hormone (PTH), and ionized calcium (iCa). 
Average renal excretion of calcium is 200 mg/day. See 
Fig. 12.1 for a summary of daily calcium intake and output. 
Calcium homeostasis is maintained by the interactions of 
extracellular calcium, PTH, 1,25(OH),D, and calcitonin. Each 
of these compounds exerts its effect on either the kidneys, the 
parathyroid glands, or the intestinal tract. In instances of 
hypocalcemia, a number of events occur to correct the abnor- 
mality, starting with stimulation of PTH secretion from the 
parathyroid gland leading to stimulation of osteoclast-mediated 
bone reabsorption, stimulation of renal calcium reabsorption 
in the distal tubule, and stimulation of 25-hydroxyvitamin 
D-1a(alpha)-hydroxylase, which converts 25-hydroxyvitamin 
D to 1,25 (OH),D, which acts in the intestines to cause calcium 
absorption. Conversely, in instances of hypercalcemia, PTH 
expression is inhibited and resultant effects of PTH are inhib- 
ited. Moreover, elevated Ca’* leads to calcitonin secretion 
from the thyroid leading to inhibition of osteoclast activity. 
In addition, direct effects of extracellular Ca** on renal tubular 
cells are thought to directly inhibit calcium reabsorption. 
A summary of calcium homeostasis is outlined in Fig. 12.2. 


12.2 Calcium Transport in the Nephron 


Renal handling of calcium is limited to forms of calcium that 
are ultrafiltered through the glomerulus (iCa”* and complexed 
Ca**) as calcium bound to serum proteins are not filtered. 
Approximately 60-70% of the total plasma calcium con- 
centration can be found in the ultrafiltrate and 98-99% of 
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Table 12.1 Average calcium concentrations of various dairy products 


Food product 


Serving size Calcium (mg) 


Milk 1 cup 300 
Yogurt % cup 200 
Ice Cream 34 cup 150 
Pudding Ya cup 150 
Salmon (with bones) 14 cup 150 
Broccoli 1% cup 150 
Cheese* 1 ounce 200 
Cottage cheese* 1 cup 150 


“These foods are high in sodium and may increase urinary calcium 
levels 


Dietary Bone 
intake pool 
1,000 mg sy 
Sof 
Intestinal aes) Ss 
secretion Se 
200 mg oO 
mana KEN 
ECF Ca?* 
| Absorption 
400 mg 
Fecal loss 
800 mg Renal excretion 


200 mg 


Fig. 12.1 Summary of calcium intake and output (Reprinted with per- 
mission from Brenner.') 
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Fig. 12.2 Calcium homeostasis summary (Reprinted with permission 
from Brenner.') 


the filtered Ca** is reabsorbed by the renal tubules with dif- 
ferent segments performing differing degrees of reabsorption 
(Table 12.2). 

The proximal tubule is responsible for the majority of Ca” 
reabsorption. Proximal tubule reabsorption occurs via passive 
permeability and diffusion via paracellular routes, both facili- 
tated by a number of membrane proteins. Reabsorption is 
driven by slight concentration gradient effect and associated 
electrochemical gradient formed by transcellular Na* reab- 


sorption, which promotes reabsorption of Ca’. 


Table 12.2 Calcium reabsorption by nephron segments 


Nephron segment (%) Reabsorption 


of Calcium 


Proximal tubule 50-60 
Thin descending and ascending limbs 0 
Thick ascending limb 15 
Distal convoluted tubule and 10-15 
connecting tubule 

Collecting duct ? 


The thick ascending limb of the loop of Henle is responsi- 
ble for reabsorption of 15% of the filtered Ca’* load. In 
vitro studies have shown that there is significant Ca** perme- 
ability in this segment and that reabsorption is directly depen- 
dent on the electrochemical gradient formed between the 
luminal and basal surface of the tubular cells.’ This gradient is 
formed as a result of active reabsorption of NaCl via the Na-K- 
2Cl cotransporter. These findings suggest that the Ca”* reab- 
sorption in this segment is passive and paracellular in nature. 

Within the distal convoluted tubule and connecting tubule, 
10-15% of total Ca”* reabsorption occurs. Reabsorption in 
this portion of the nephron occurs in a transcellular manner. 
Ca** enters the tubular cells via the TRPV5 epithelial Ca” 
channel, is bound by the intracellular transport protein cal- 
bindin-D28k, and is transported to the basal membrane 
where it exits via the plasma membrane Ca** pump (PMCA) 
or the Na—Ca exchange pump. Paracellular transport is not 
possible in this portion of the nephron due to membrane pro- 
teins that are impermeable to Ca’. Importantly, this active 
transport of calcium is dependent on the action of PTH as 
well as adenylate cyclase.”"'° Since this portion of the nephron 
transports Ca% actively, manipulation of reabsorption in this 
segment of the nephron can have significant effects on the 
overall urinary calcium concentration. The ability of the col- 
lecting duct to reabsorb Ca% is controversial as some suggest 
that there is a mild ability to promote reabsorption in a mech- 
anism similar to that of the distal tubule.’ 


12.3 Hormonal Effects on Calcium 
Reabsorption 


12.3.1 PTH Effects on the Kidney 


PTH and parathyroid-related peptide (PTHrP) play a major 
role in the handling of calcium in the renal tubule in all areas. 
These hormones work through secondary messenger systems 
using the adenylyl cyclase/protein kinase A pathway and the 
phospholipase C/protein kinase C pathway. In the glomerulus, 
PTH directly affects the filtered calcium load. In the proxi- 
mal tubule, the secondary messenger pathways affect Na* 
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and water reabsorption thereby affecting diffusion of Ca”. 
Effects in the remainder of the tubule, however, result in 
increased reabsorption of Ca**. The mechanism of action in 
the thick ascending limb is controversial.” The primary 
site for PTH action is in the distal tubule." In this segment, 
the hormone works to significantly increase Ca** reabsorp- 
tion in a transcellular active transport manner via the afore- 
mentioned secondary signal mechanisms.”:!°'*"'¢ 


12.3.2 Role of Vitamin D 


Evidence points to a minor role for vitamin D in the renal 
handling of Ca’*. Studies have shown that vitamin D and 
related metabolites can play a role in increasing distal tubu- 
lar reabsorption of Ca** by regulation of both luminal and 
basolateral transport channels.'7'* 


12.3.3 Calcitonin 


Calcitonin has been shown to have a direct effect on Ca* 
reabsorption. In physiologic levels, increased reabsorption is 
seen. In supraphysiologic doses, however, a hypercalciuric 
effect is observed. Receptors have been found on the thick 
ascending limb of the loop of Henle, the distal convoluted 
tubule, as well as the cortical collecting duct.” 


12.4 Diuretic Effects on Calcium Transport 


12.4.1 Role of Loop Diuretics 


Loop diuretics function by blocking the Na-K-’Cl transporter 
in the thick ascending limb of the loop of Henle. As dis- 
cussed earlier, this active transport system generates an elec- 
trochemical gradient that allows for passive diffusion of Ca” 
from the luminal portion of the loop of Henle to the extralu- 
minal portion of the loop. Blocking this channel therefore 
eliminates the electrochemical gradient and therefore elimi- 
nates the driving force for movement of Ca**. 


12.4.2 Thiazide Diuretics 


The action of thiazide diuretics can be divided into acute and 
chronic effects. In the acute setting, thiazides lead to natriure- 
sis by inhibiting the NaCl cotransporter in the distal convo- 


2+ 8,20-22 


luted tubule and stimulate acute reabsorption of Ca™. 


In the chronic setting, thiazide effects are seen in the 
proximal tubule. Studies suggest that the mechanism of 
action is due to extracellular fluid contraction leading to 
increased Na* reabsorption in the proximal tubule. This 
action leads to increased reabsorption of Ca** by associ- 
ated diffusion. Several studies have shown that thiazide 
diruetics use in a chronic setting has no effects on calcium 
absorption in the distal tubule.” Most importantly, the 
hypocalciuric effects of thiazides can be reversed by salt 
replacement.” 


12.5 Hypercalciuria 


Hypercalciuria is defined as the excretion of urinary calcium 
exceeding 200 mg/24-h collection (or an excess of 4 mg of 
calcium/kg/24 h). Some investigators use higher levels to 
define hypercalciuria in men (>250-300 mg/day) and women 
(>200-250 mg/day). The association of hypercalciuria with 
recurrent calcium nephrolithiasis has long been recognized, 
although the exact nature of this relationship continues to 
be debated. Nephrolithiasis resulting from hypercalciuria is 
heterogeneous in origin, and comprises several entities.” 
Figures 12.3a, b, c, and d summarize many of the causes of 
hypercalciuria. 


12.5.1 Absorptive Hypercalciuria 


The basic abnormality in absorptive hypercalciuria is the 
intestinal hyperabsorption of calcium. The consequent 
increase in the circulating concentration of calcium enhances 
the renal filtered load and suppresses parathyroid function. 
Hypercalciuria results from the combination of increased 
filtered load and reduced renal tubular reabsorption of cal- 
cium, caused by parathyroid suppression. The excessive 
renal loss of calcium compensates for the high calcium 
absorption from the intestinal tract and helps to maintain 
serum calcium in the normal range. Absorptive hypercalciu- 
ria Type I (AH-I) is considered a more severe form, whereas 
the Type II presentation (AH-ID) is a mild-to-moderate form 
of this condition. 

The exact cause for the hyperabsorption of calcium is not 
known. In most patients, it probably occurs by a vitamin 
D-independent process. In some patients with severe absorp- 
tive hypercalciuria, an enhanced renal synthesis of 1,25- 
(OH), vitamin D (1,25-(OH),D) or an increase in vitamin D 
receptors may contribute to high intestinal absorption and 
renal excretion of calcium.**”* 
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Fig. 12.3 Summary of forms of hypercalciuria. (a) Absorptive hypercalciuria. (b) Renal hypercalciuria. (c) Resorptive hypercalciuria. (d) Differential 


diagnosis 


12.5.2 Renal Hypercalciuria 


The primary abnormality in renal hypercalciuria is believed 
to be impairment in the renal tubular reabsorption of calcium. 
The resulting reduction in the serum calcium concentration 
stimulates parathyroid function. There may be excessive 
mobilization of calcium from bone and an enhanced intestinal 
absorption of calcium because of the PTH excess and the 
ensuing stimulation of the renal synthesis of 1,25-(OH),D. 
These effects increase the circulating concentration and the 
renal filtered load of calcium, often causing significant hyper- 
calciuria. Unlike primary hyperparathyroidism, serum calcium 
is normal and the state of hyperparathyroidism is considered 
secondary. 


12.5.3 Resorptive Hypercalciuria 


Resorptive hypercalciuria is characterized by primary hyper- 
parathyroidism. The initial event is the excessive resorption 
of bone resulting from hypersecretion of PTH. Intestinal 


absorption of calcium is frequently elevated because of the 
PTH-dependent stimulation of the renal synthesis of 
1,25-(OH),D. These effects increase the circulating concen- 
tration and the renal filtered load of calcium, often causing 
significant hypercalciuria. 


12.5.4 Other Forms of Hypercalciuria 


Other causes of hypercalciuria, though poorly documented, 
include renal phosphate “leak,” primary enhancement of 
1,25-(OH),D synthesis, and excessive prostaglandin E, 
production. 

Improved elucidation of pathophysiology and formula- 
tion of diagnostic criteria for different causes of nephrolithia- 
sis have made feasible the adoption of selective treatment 
programs. Such programs should (a) reverse the underlying 
physicochemical and physiological derangements, (b) inhibit 
new stone formation, (c) overcome nonrenal complications 
of the disease process, and (d) be free of serious side effects. 
The rationale for the selection of certain treatment programs 
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is the assumption that the particular physicochemical and 
physiological aberrations identified with the given disorder 
are etiologically important in the formation of renal stones, 
and that the correction of these disturbances would prevent 
stone formation. Moreover, it is assumed that such a selected 
treatment program would be more effective and safer than a 
“random” treatment. Despite a lack of conclusive experi- 
mental verification, these hypotheses appear reasonable and 
logical. For many pharmacologic treatment programs recom- 
mended for nephrolithiasis, sufficient information is now 
available to characterize their physicochemical and physio- 
logical actions. 


12.6 Absorptive Hypercalciuria 


12.6.1 Thiazides 


Thiazide diuretics are not considered a selective therapy for 
absorptive hypercalciuria, since it does not decrease intestinal 
calcium absorption in this condition. However, this drug has 
been widely used to treat absorptive hypercalciuria, because 
of its hypocalciuric action and the high cost and inconve- 
nience of alternative therapy (sodium cellulose phosphate). 

Current studies indicate that thiazides may have a limited 
long-term effectiveness in absorptive hypercalciuria Type I. 
Despite an initial reduction in urinary calcium excretion, the 
intestinal calcium absorption remains persistently elevated. 
These studies suggest that the retained calcium may be 
accreted in bone at least during the first few years of therapy. 
Bone density, may increase during thiazide treatment in 
absorptive hypercalciuria. With continued treatment, how- 
ever, the rise in bone density stabilizes and the hypocalciuric 
effect of thiazides becomes attenuated. The results suggest 
that thiazide treatment has caused a low turnover state of 
bone, which interferes with a continued calcium accretion in 
the skeleton. The “rejected” calcium would then be excreted 
in urine. In contrast, bone density is not significantly altered 
in renal hypercalciuria where thiazides cause a decline in 
intestinal calcium absorption commensurate with a reduction 
in urinary calcium.?!”° 


12.6.1.1 Thiazides in Absorptive 
Hypercalciuria Type | 


Thiazide diuretics do not correct the basic, underlying physi- 
ologic defect in absorptive hypercalciuria. In patients with 
absorptive hypercalciuria Type I who may be at risk for bone 
disease (growing children, postmenopausal women), thiazide 
may be the first choice. When thiazides lose their hypocalciuric 


action (after long-term treatment), a break in thiazide therapy 
must be given to allow the body to resensitize to the effects 
of thiazides. The medication can then be resumed.” 

Potassium supplementation, preferably as potassium citrate, 
should be employed when using thiazide therapy in order to 
prevent hypokalemia and hypocitraturia. A typical treatment 
program might be trichlormethiazide 4 mg/day and potas- 
sium citrate 15-20 meq twice per day. Amiloride in combi- 
nation with thiazide may be more effective than thiazides 
alone in reducing calcium excretion. However, it does not 
augment citrate excretion. Potassium supplementation should 
be used with caution in patients taking amiloride.” 

In absorptive hypercalciuria Type II, no specific drug treat- 
ment may be necessary since the physiologic defect is not as 
severe as in absorptive hypercalciuria Type I. Moreover, many 
patients have extremely concentrated urine due to a disdain 
for drinking fluids. Therefore, a low calcium intake (400-600 
mg/day) and high fluid intake (sufficient to achieve a mini- 
mum urine output of greater than 2 1/day) would seem ideally 
indicated, since normocalciuria could be restored by dietary 
calcium restriction alone, and increased urine volume has 
been shown to reduce urinary saturation of calcium oxalate. 


12.6.2 Slow-Release Potassium Phosphate 


The most common form of absorptive hypercalciuria is sec- 
ondary to increased intestinal calcium absorption. Various 
theories exist regarding the exact pathophysiology of absorp- 
tive hypercalciuria including both vitamin D-dependent as 
well as vitamin D-independent absorptive hypercalciuria. It 
is believed that in a significant subset of patients, increased 
1-25 (OH), D (vitamin D) levels may be responsible for 
enhanced intestinal calcium absorption in patients with 
absorptive hypercalciuria.*' Previous studies have demon- 
strated that neutral phosphates may indeed be a useful prepa- 
ration to reduce serum vitamin D levels as well as to inhibit 
urinary calcium excretion in patients with absorptive hyper- 
calciuria. However, there are a number of problems with cur- 
rent forms of orthophosphate therapy. These preparations 
provide rapid release of neutral phosphate, which may cause 
GI upset and diarrhea from an increased osmotic load. In 
addition, many orthophosphate preparations provide an inad- 
equate hypocalciuric response as compared to thiazide or 
sodium cellulose phosphate preparations due to the renal 
effect of sodium contained in most currently available 
orthophosphate preparations (see section on dietary sodium 
intake). Finally, previous studies have also demonstrated that 
orthophosphate preparations may increase the urinary satu- 
ration of calcium phosphate (brushite) due to a substantial 
rise in urinary pH, caused by the increased alkalinity of most 
available orthophosphate preparations.” 
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A new formulation of low-release, neutral potassium 
phosphate has been developed to obviate the aforementioned 
problems with currently available orthophosphate prepara- 
tions. This potassium phosphate preparation (UroPhos-K) is 
carried out in a wax matrix to provide slow release of the 
orthophosphate. This restricted release limits the amount of 
GI upset found with most current orthophosphate prepara- 
tions. In addition, UroPhos-K contains phosphate salts of 
potassium and does not contain sodium. Therefore, this 
preparation does not provide a sodium load that could offset 
the hypocalciuric action of the orthophosphate. Finally, this 
medication is designed to yield a pH of 7.0 as compared 
to 7.3 for some available orthophosphate preparations. 
Therefore, it is less likely that the crystallization of calcium 
phosphate may occur in the urine.” 

Recently, a randomized prospective double-blind trial 
was performed in 21 patients with documented stone forma- 
tion and absorptive hypercalciuria Type I. Patients received 
either UroPhos-K or placebo in a double-blinded fashion. No 
significant GI side effects were noted with the slow-release 
potassium phosphate preparation nor was there a significant 
increase in fasting serum potassium or phosphorus. However, 
the UroPhos-K treatment did significantly reduce urinary 
calcium from 288 to 171 mg/d without altering oxalate excre- 
tion. Moreover, the urinary saturation of calcium oxalate was 
significantly reduced without altering brushite saturation. 
Also noted was a significant increase of inhibitor activity 
secondary to increased urinary citrate and pyrophosphate, 
thereby inhibiting the potential crystallization of calcium 
oxalate in the urine.’ 


12.7 Renal Hypercalciuria 


Thiazide diuretics are ideally indicated for the treatment of 
renal hypercalciuria. This diuretic has been shown to correct 
the renal leak of calcium by augmenting calcium reabsorption 
in the distal tubule and by causing extracellular volume deple- 
tion and stimulating proximal tubule reabsorption of calcium. 
The ensuing correction of secondary hyperparathyroidism 
restores normal serum 1,25-(OH),D and intestinal calcium 
absorption. Thiazides have been shown to provide a sustained 
correction of hypercalciuria commensurate with a restoration 
of normal serum 1,25-(OH),D and intestinal calcium absorp- 
tion for up to 10 years of therapy. Physicochemically, the uri- 
nary environment becomes less saturated with respect to 
calcium oxalate and brushite during thiazide treatment, 
largely because of the reduced calcium excretion. Moreover, 
urinary inhibitor activity, as reflected in the limit of metasta- 
bility, is increased by an unknown mechanism. 

The above effects are shared by hydrochlorothiazide 50 mg 
twice/day, chlorthalidone 50 mg/day, or trichlormethiazide 


4 mg/day. Potassium supplementation (approximately 60 
meq/day) may sometimes be required to prevent hypokalemia 
and attendant hypocitraturia. Potassium citrate has been 
shown to be effective in averting hypokalemia and in increas- 
ing urinary citrate when administered to patients with cal- 
cium nephrolithiasis taking thiazides. Concurrent use of 
triamterene, a potassium-sparing agent, should be under- 
taken with caution because of recent reports of triamterene 
stone formation. Thiazides are contraindicated in primary 
hyperparathyroidism because of potential aggravation of 
hypercalcemia.?!*°**°6 


12.8 Primary Hyperparathyroidism 


Parathyroidectomy is the optimum treatment for nephro- 
lithiasis of primary hyperparathyroidism. Following removal 
of abnormal parathyroid tissue, urinary calcium is restored to 
normal commensurate with a decline in serum concentration 
of calcium and intestinal absorption. The urinary environ- 
ment becomes less saturated with respect to calcium oxalate 
and brushite and the limit of metastability (formation prod- 
uct ratio) for these calcium salts increases. There is typically 
a reduced rate of new stone formation, unless urinary tract 
infection is present. Parathyroidectomy is contraindicated in 
secondary hyperparathyroidism of renal hypercalciuria and 
in absorptive hypercalciuria. 

There is no established medical treatment for the neph- 
rolithiasis of primary hyperparathyroidism. Although ortho- 
phosphates have been recommended for the disease of 
mild-to-moderate severity, their safety or efficacy has not yet 
been proven. They should be used only when parathyroid 
surgery cannot be undertaken. Estrogen has been reported to 
be useful in reducing serum and urinary calcium in post- 
menopausal women with primary hyperparathyroidism. 


12.9 Dietary Recommendations Related 
to Calcium Metabolism 


12.9.1 Dietary Sodium 


Hypercalciuria may be diet related with increased intestinal 
absorption of ingested calcium or secondary to a renal leak 
of calcium. Unfortunately, not enough emphasis has been 
placed on the role of dietary sodium and its impact on uri- 
nary calcium excretion. It has long been known that an 
increased intake of dietary sodium will result in increased 
urinary sodium excretion with the development of subse- 
quent hypercalciuria. Moreover, increased urinary sodium 
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excretion can also exacerbate nephrolithiasis since urinary 
sodium may block the action of thiazide diuretics adminis- 
tered to reduce urinary calcium excretion. 

Recently, continued studies of the effect of dietary sodium 
in the stone forming population have demonstrated that high 
sodium intake not only increases calcium excretion, but may 
also increase urine pH and decrease urinary citrate excretion. 
These latter effects are probably due to sodium-induced 
bicarbonate excretion in the urine, a significant decrease in 
serum bicarbonate concentration. Along with these changes, 
the urinary saturation of calcium phosphate (brushite) and 
monosodium urate will increase and inhibitor activity against 
calcium oxalate crystallization will decrease. It is important 
to remember that the net effect of a high sodium diet can be 
an increased propensity for the crystallization of calcium 
salts in the urine.’ 

Therefore, in treating patients with hypercalciuric neph- 
rolithiasis, not only is it important to identify the underlying 
cause of hypercalciuria, but to also have the patient avoid 
excessive intake of dairy products as well as salty foods. 
Urinary sodium should be maintained at a level less than 150 
mEq/24 h. We therefore find it imperative to not only moni- 
tor 24-h urine calcium excretion, but also note urinary sodium 
values as well. All hypercalciuric patients should be placed 
on a sodium-restricted diet. 


12.9.2 Dietary Calcium 


Early recommendations suggested that a low calcium diet 
will decrease urinary calcium excretion, thereby reducing the 
risk for stone formation. However, a number of recent studies 
have suggested that a low calcium diet may pose a risk for 
recurrent stone formation as well as increasing the incidence 
of bone disease in those patients with nephrolithiasis. 

Several studies have suggested that patients with idio- 
pathic hypercalciuria may have low bone density, thought to 
be secondary to problems with intestinal calcium absorption 
as well as mobilization of calcium from the bone. These 
studies suggest that a low calcium diet may put certain hyper- 
calciuric patients at risk for continued bone disease and sub- 
sequent osteoporosis. 

Additional large-scale epidemiological studies have also 
demonstrated that a low calcium diet may increase one’s risk 
for recurrent stone formation. In one study, 45,000 men ages 
40-75 with no history of stones were followed for 4 years. 
This study found that calcium intake was inversely associ- 
ated with stone formation and that a low calcium diet may 
increase the risk for renal stone formation. A second study of 
over 97,000 women ages 34—59 with no history of stones and 
12 years of follow-up again found an inverse relationship 
between calcium intake and stone formation. In addition, 


calcium supplementation appeared to be positively associated 
with the incidence of stone disease. This study concluded 
that high dietary calcium intake decreases the risk of stone 
formation.” 7394! 

Both of these studies suggest that a low calcium intake 
increases intestinal oxalate absorption with a subsequent 
increase in urinary oxalate. The increased oxalate load will 
increase the risk for calcium oxalate stone formation. 
However, one should be aware that certain patients with 
hypercalciuria may be at risk for increased dietary calcium. 
Specifically, those patients with absorptive hypercalciuria 
will only increase their urinary calcium excretion on a high 
calcium diet. In addition, studies have demonstrated that a 
low calcium diet in patients with increased calcium absorp- 
tion (absorptive hypercalciuria) does not routinely augment 
oxalate excretion. Therefore, our overall recommendation is 
to not put patients on a calcium-restricted diet, yet to recom- 
mend avoidance of an excessive intake of dairy products and 
salty foods. 


12.9.3 Calcium Supplementation 


Osteoporosis continues to be an increasing public health 
problem in the United States. As the “baby boomer” genera- 
tion approaches menopause, the lay press has continued to 
emphasize osteoporosis and its prevention. Perhaps the most 
common method of preventing osteoporosis continues to be 
the use of calcium supplements. Yet, concern exists regard- 
ing the impact of calcium supplementation in stone forming 
patients, specifically with regard to the potential risks of 
hypercalciuria with subsequent stone disease induced from 
the excessive intake of calcium supplementation. 

A number of over-the-counter calcium supplements are 
currently available and marketed under various brand names. 
Calcium carbonate and calcium phosphate continue to be 
some of the more widely advertised and subsequently uti- 
lized calcium supplements. However, studies have demon- 
strated that these calcium supplements may be poorly 
absorbed from the intestinal tract and can increase urinary 
calcium excretion and perhaps promote calcium oxalate or 
calcium phosphate stone disease. 

An alternative calcium supplement has been formulated 
to provide increased intestinal absorption of calcium (to pre- 
vent osteoporosis) as well as to prevent concurrent supersat- 
uration of the urine with regard to calcium-forming salts. 
Calcium citrate is an over-the-counter calcium preparation 
that provides 950 mg of calcium citrate and 200 mg of 
elemental calcium in each tablet. As with other available 
calcium supplements, calcium citrate will significantly 
increase urinary calcium excretion. Yet, this preparation offers 
the benefit of increasing urinary citrate excretion as well. 
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The concomitant increase in citraturia potentially offsets the 
lithogenic potential of calcium supplement-induced hyper- 
calciuria and therefore provides a more “stone-friendly” cal- 
cium supplement. 

Recently, a long-term clinical trial was completed that fur- 
ther studied the effects of long-term calcium citrate supple- 
mentation in premenopausal women. This study demonstrated 
that the urinary saturation of calcium oxalate and calcium 
phosphate (brushite) did not significantly change during cal- 
cium citrate therapy. It appears that the lack of calcium sup- 
plement-induced hypercalciuria was secondary to the 
down-regulation of intestinal calcium absorption, due to pro- 
longed calcium supplementation and the inhibitory effects of 
citrate included in the calcium citrate preparation. The results 
of this long-term calcium citrate trial suggest that calcium 
supplementation using calcium citrate does not increase the 
propensity for crystallization of calcium salts within the urine. 
This protective effect is most likely due to an attenuated 
increase in urinary calcium excretion (from a decrease in 
fractional intestinal calcium absorption), a decrease in urinary 
phosphorus, and an increased citraturic response.’ 

Therefore, if calcium supplementation is to be considered 
in a patient who is concerned about the development of 
osteoporosis, calcium citrate preparations should be utilized 
due to their increased bioavailability as well as their reduced 
risk of calcium stone formation. In women who have a previ- 
ous history of stone formation, one may institute calcium 
citrate supplementation, but then perform a 24-h urine col- 
lection to identify those patients who will become/remain 
hypercalciuric while on calcium supplementation. In the 
patients who are normocalciuric while receiving calcium cit- 
rate, no further intervention is necessary. However, in those 
patients who are found to be hypercalciuric, treatment with 
thiazide diuretics or perhaps slow-release potassium phos- 
phate preparations are warranted. 


12.10 Conclusions 


Calcium metabolism is a complex interaction between the 
bony skeleton, thyroid/parathyroid function, the GI tract, and 
renal physiology. These interactions lead to calcium homeo- 
stasis within a very narrow physiological range. Daily uri- 
nary excretion of Ca** is 200 mg. Many disorders can lead to 
hypercalciuria and effective therapeutic modalities have been 
developed to control hypercalciuria in these patients. 
Selective medical therapy of nephrolithiasis is effective 
in preventing new stone formation. A remission rate of 
greater than 80% and overall reduction in individual stone 
formation rate of greater than 90% can be obtained in 
patients with recurrent nephrolithiasis. In patients with 
mild-to-moderate severity of stone disease, a virtual total 


control of stone disease can be achieved as evidenced by 
remission rates of greater than 95%. The need for stone 
removal may be dramatically reduced by an effective pro- 
phylactic program. 
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Vitamin D Metabolism and Stones 


Joseph E. Zerwekh 


Abstract It has been nearly 90 years since the discovery of the antirachitic activity of 
vitamin D. During that period, vitamin D structure, metabolism, and mechanism of action at 
target tissues have been delineated. We now recognize that vitamin D acts as a steroid hor- 
mone to help maintain normal calcium and phosphate homeostasis. Many diseases character- 
ized by deranged calcium and phosphate metabolism have been explained by dysregulated 
vitamin D production and/or action. Calcium-containing kidney stones are believed to result 
from excessive urinary calcium excretion due to increased intestinal absorption of calcium, 
increased bone resorption, and renal calcium loss. To try and explain the cause of this hyper- 
calciuria, many studies have focused on the role of deranged vitamin D metabolism and 
action. Much of our understanding of how such derangements in vitamin D metabolism and 
action can contribute to the development of hypercalciuria and ultimately kidney stones has 
come from both clinical and basic approaches that are discussed in this chapter. However, 
some studies have failed to observe any alteration in vitamin D production or action, while 
others have implicated a role for increased 1,25(OH),D production or increased tissue sensi- 
tivity in the face of normal circulating 1,25(OH),D concentrations. Resolution of these dis- 
crepancies will require additional studies in hypercalciuric stone-forming patients that focus 
on the genetics of vitamin D metabolism and the cellular and molecular actions of vitamin 
D at its target tissues. 


13.1 Introduction these new and emerging concepts regarding vitamin D action 
at nonclassical tissues, the majority of studies have focused 
on vitamin D’s role in maintaining adequate calcium homeo- 
stasis and bone health. Hypercalcemia and hypercalciuria 
are well-known consequences of elevated circulating vita- 
min D concentration and increased action at the three princi- 
pal target organs, gut, bone, and kidney. Since hypercalciuria 
is a frequent finding in patients with nephrolithiasis, a cau- 
sality role for deranged vitamin D concentration and or 
action in stone-forming patients with hypercalciuria has been 
proposed. Although some studies have supported such a 
pathophysiologic role for vitamin D in hypercalciuric 
stone-forming patients, an equal number of studies have not 
been able to support these observations. This chapter consid- 
ers the chemistry, metabolism, and action of vitamin D in 
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It has been nearly 90 years since the discovery of the anti- 
rachitic activity of vitamin D. Today, it is known that this 
fat-soluble vitamin is, in actuality, a steroid hormone that is 
synthesized principally in the kidney with actions at a multi- 
tude of target organs. In the last 20 years, there has been 
increasing interest in vitamin D’s potential role in the preven- 
tion of many chronic disease including cancer, diabetes, car- 
diovascular disease, and neurodegenerative disorders. Such 
studies have led to the suggestion that our current definition 
of vitamin D sufficiency may be too low, generating renewed 
interest in maintaining adequate vitamin D repletion. Despite 
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Fig. 13.1 Structures of the nutritional forms of vitamin D 


13.2 Vitamin D Structure 


The antirachitic activity of vitamin D was first described 
nearly a 90 years ago.' However, it was not until 1931 that 
the isolation and structure of vitamin D, was accomplished.’ 
This was soon followed by the identification of vitamin D, 
by the Windaus group? and eventual syntheses of the vitamin 
D compounds confirming their structures. Today, vitamin D 
is classified as a secosteroid and the two best known exam- 
ples of the nutritional forms of this vitamin are vitamin D,, or 
ergocalciferol, and vitamin D,, or cholecalciferol (Fig. 13.1). 
The rules of the International Union of Pure and Applied 
Chemists (IUPAC) for steroid nomenclature are used in nam- 
ing the vitamin D compounds.’ Since they are derived from 
cholesterol, they retain the numbering of that steroid. Thus the 
official name of vitamin D,, based on the numbering of carbon 
atoms in cholesterol, is 9,10-seco(5Z,7E)-5,7,10(19) cholesta- 
triene-3B(beta)-ol, and the official name of vitamin D, is 
9,10-seco(5Z,7E)-5,7,10(19), 22-ergostate-traene-3f(beta)- 
ol. In practice, it is simpler to refer to the two nutritional forms 
of vitamin D simply as vitamin D, and vitamin D,. It should be 
made clear that for the remainder of this chapter the subscripts 
are included when discussing the specific forms of the vitamin 
while the term vitamin D implies either D, or D.. 


13.3 Vitamin D Manufacture 


Both vitamin D, and vitamin D, are normally produced from 
their precursor molecules by the action of ultraviolet light. 
This mechanism explains the efficacy of exposure of rachitic 
children to sunlight or to ultraviolet light-irradiated food 
products.*© When human skin is exposed to sunlight, solar 
photons with energies between 290 and 315 nm (UVB) pro- 
mote the photolysis of 7-dehydrocholesterol (provitamin D,) 
to previtamin D,. Previtamin D, is thermodynamically unsta- 
ble and undergoes a rapid rearrangement of double bonds to 
form vitamin D,’ This conversion is rather efficient with 
about 50% of the previtamin D, being converted to vitamin 
D, within 2 h. Once formed in the membrane, the vitamin D, 


is rapidly extruded from the cell into the extracellular space 
where it is bound to the vitamin D binding protein (DBP) in 
the circulation. A similar mechanism operates to produce 
vitamin D, from ergosterol in plant products. With extended 
periods of sunlight exposure, nonisomerized vitamin D,, as 
well as vitamin D, itself, can undergo isomerization to bio- 
logically inactive photoisomers.*® This mechanism for vitamin 
D inactivation offers an explanation for the lack of reported 
cases of vitamin D intoxication-induced hypercalcemia from 
chronic excessive exposure to sunlight. 


13.3.1 Factors Influencing the Cutaneous 
Production of Vitamin D, 


The cutaneous production of vitamin D, is responsible for 
supplying about 95% of the vitamin D, in human beings. 
Thus it is important to recognize the various environmental 
factors and social behaviors that can affect vitamin D, pro- 
duction. Any substance that can interfere with solar UVB 
radiation reaching the 7-dehydrocholesterol stores in the epi- 
dermis could potentially lead to vitamin D insufficiency. 
Sunscreen use has been popularized in recent years to prevent 
the damaging and aging effects of sunlight on the skin. 
Sunscreens with a sun protection factor (SPF) of eight or 
greater have been shown to effectively block any dermal pro- 
duction of vitamin D,’ Likewise, melanin absorbs ultraviolet 
radiation and is believed to be the reason why African- 
Americans have reduced circulating concentrations of 
25-hydroxyvitamin D, and are more prone to developing vita- 
min D deficiency.’ In addition, environmental considerations 
such as latitude, season, and time of day can exert significant 
effects on dermal vitamin D, production. In general, there is 
greater synthesis of previtamin D, from its precursor during 
the summer months when solar radiation is most direct. There 
is also less previtamin D, production at northern latitudes 
compared to more southern locations and synthesis is greatest 
during the midday hours when the sun is at its zenith." 


13.4 Vitamin D Metabolism 


Following the discovery and structural identification of vita- 
min D, it was believed that vitamin D was the active form 
and did not undergo further metabolic activation.!* This con- 
cept was drastically altered in 1966 when chemical synthesis 
of radioactive vitamin D, of high specific activity disclosed 
the formation of biologically active metabolites.'* By 1968, a 
more polar metabolite of radioactive vitamin D, was isolated, 
purified, and identified as 25-hydroxycholecalciferol 
(25OHD,).'* This metabolite was thought to be the active 
form of vitamin D,, but another more polar peak of radioac- 
tivity, previously disregarded as an active metabolite of 
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vitamin D,, was subsequently isolated from the intestines of 
1,600 chickens given radiolabeled vitamin D,. By means of 
mass spectrometric techniques and specific chemical reac- 
tions, the structure of the active form of vitamin D, in the 
intestine was unequivocally identified as 1,25-dihydroxyc- 
holecalciferol (1,25(OH),D,).'° At about the same time, the 
kidney was demonstrated to be the site of synthesis of 
1,25(OH),D, '° This observation was important in securing 
the identity of 1,25(OH),D, as the active form of vitamin D.. 
Anephric animals responded to 1,25(OH),D, by increasing 
intestinal absorption of calcium and bone calcium mobiliza- 
tion, but animals receiving 250OHD, at physiological doses 
did not.'”"'° The structures and metabolic activation of vita- 
min D, are summarized in Fig. 13.2. 


13.4.1 Production of 250HD 


The 25-hydroxylation of vitamin D is the initial step in vita- 
min D activation. The 25-hydroxylase, the enzyme respon- 
sible for this step, is located in the liver. Determination of the 
subcellular localization of the vitamin D-25-hydroxylase 
was hampered by cross-contamination of microsomes and 
mitochondria, the numerous microsomal P450s in the liver, 
and instability of the 25-hydroxylase activity. After intensive 
studies, both mitochondria and microsomes were found to be 
responsible for the 25-hydroxylation of vitamin D, although 
the majority of the activity appears to reside in the mitochon- 
dria. In human beings, it is now known that the vitamin D 
hydroxylation is now catalyzed by CYP27A1 in mitochon- 
dria and CYP2R1 in microsomes.” Two additional hepatic 
cytochrome P450 enzymes have also been implicated in the 
production of 250HD — namely CYP3A4 and CYP2J3. 
Irrespective of the enzyme(s) responsible for the hepatic pro- 
duction of 25OHD, it is well known that this step in the acti- 
vation of vitamin D is not tightly regulated. An increase in 
either the cutaneous production of vitamin D, or ingestion of 
vitamin D from foods or from supplements will result in an 
increase in circulating concentrations of 25OHD."! Because 
of this fact and the relatively long half-life of 25OHD (about 
3 weeks), its measurement in blood is used to determine 
whether a patient is vitamin D deficient, sufficient, or 
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intoxicated. There have been very few reports of serum 
25OHD concentration in the stone-forming patient. When 
examined, values have been within the normal range. 


13.4.2 Production of 1,25(OH),D 


Following the identification of 1,25(OH),D as the physiolog- 
ically active metabolite of vitamin D and its renal site of syn- 
thesis, many studies were undertaken to identify the P450 
mixed function oxidase(s) responsible for its production. 
Early studies showed the enzymatic activity to be located in 
the inner mitochondrial membrane of the proximal convo- 
luted tubule cells of the kidney.” The primary sequence of 
the la(alpha)-hydroxylase has been deduced from cloned 
cDNA from several mammalian species. Although purified 
preparations of the protein itself are not routinely obtained, 
the primary sequence of the P450 oxidase that catalyzes 
the 1-hydroxylation, as deduced from its cDNA sequence, 
reveals that it is structurally related to the mitochondrial ste- 
rol side chain hydroxylases and hence was given the system- 
atic name of CYP27B1. In addition to the kidney, a wide 
variety of tissues and cells have been shown to have the 
capacity to produce 1,25(OH),D including activated mac- 
rophages, osteoblasts, keratinocytes, prostate, colon, and 
breast.” The placenta has also been shown to produce 
1,25(OH),D during pregnancy.” It is unlikely that any of 
these extrarenal sites of 1,25(OH),D production significantly 
contribute to overall calcium economy since anephric patients 
have very low or undetectable blood concentrations of 
1,25(OH),D. One exception to this observation is found in 
patients with chronic granulomatous disorders such as sar- 
coidosis. In this condition, activated macrophages make and 
secrete 1,25(OH),D into the circulation. For such patients, 
the excess 1,25(OH),D can lead to hypercalcemia, hypercal- 
ciuria, and kidney stones. The local production of 
1,25(OH),D in tissues not associated with calcium homeo- 
stasis may be for the purpose of regulating a wide variety of 
emerging biological functions shown to be sensitive to the 
presence of 1,25(OH),D. Such functions include cell growth, 
apoptosis, angiogenesis, differentiation, and regulation of 
the immune system. 
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13.4.3 Regulation of 1,25(OH),D Production 


As mentioned earlier, the production of 25O0HD does not 
appear to be tightly regulated since its production is directly 
dependent on the substrate (vitamin D) concentration. On the 
other hand, renal production of 1,25(OH),D is tightly regu- 
lated by the calcium needs of human beings. During condi- 
tions of reduced serum ionized calcium, the calcium-sensing 
receptors in the parathyroid gland respond by enhancing the 
release and synthesis of parathyroid hormone (PTH).”° At the 
kidney, PTH not only enhances the reabsorption of calcium 
but also activates mitochondrial CYP27B 1 in proximal tubu- 
lar cells leading to an increase in 1,25(OH),D production. 
Through its action at the gut to increase the efficiency of 
intestinal calcium absorption and its concerted action with 
PTH on bone to increase osteoclast-mediated bone resorp- 
tion, 1,25(OH),D helps promote a return of serum ionized 
calcium to normal. Excess phosphate liberated from bone 
during bone resorption and from increased intestinal absorp- 
tion is lost in urine through PTH-dependent renal mecha- 
nisms. There is also experimental evidence that calcium 
deprivation can enhance |-hydroxylase activity independent 
of secondary hyperparathyroidism.”’ 

The production of 1,25(OH),D is also regulated by the pre- 
vailing serum phosphate concentration. Hypophosphatemia 
and hyperphosphatemia are associated with increased and 
decreased circulating concentration of 1,25(OH),D, respec- 
tively.” It has recently been demonstrated that this effect is 
probably mediated by the phosphatonin, fibroblast growth fac- 
tor 23 (FGF-23).”*° FGF-23 secretion from bone is increased 
following an increase in dietary phosphate intake. FGF-23 
prevents serum phosphate concentration from becoming too 
high by initiating renal mechanisms to increase phosphate 
excretion and by decreasing the renal synthesis of 1,25(OH),D, 
which reduces intestinal phosphate absorption (Fig. 13.3). 

A number of other hormones and growth factors have 
also been shown to indirectly stimulate the production of 
1,25(OH),D. Many of these factors are associated with growth 
and development of the skeleton or calcium regulation includ- 
ing growth hormone and prolactin. Insulin-like growth factor-I 
(IGF-1) is also a potent stimulator of 1,25(OH),D production 
and may explain the strong correlation between growth velocity 
and serum 1,25(OH),D in children.” 


13.4.4 Catabolism of 250HD and 1,25(OH),D 


Both 250HD and 1,25(OH),D undergo 24-hydroxylation 
by the 25(OH)D-24-hydroxylase (CYP24A1) to form 
24,25-dihydroxyvitamin D (24,25(OH),D) and 1,24,25- 
trihydroxyvitamin D, respectively.” Regarded as the first step in 
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Fig. 13.3 Role of phosphatonins such as FGF23 in regulating phosphate 
homeostasis. During increased phosphate intake from the diet, FGF23 
is elaborated from the bone. It then acts at the kidney to decrease the 
tubular reabsorption of phosphate and to suppress the renal synthesis of 
1,25(OH),D. The fall in 1,25(OH),D reduces the intestinal absorption 
of phosphate, and combined with the PTH-independent phosphaturia 
results in lowering of serum phosphate 


the catabolism of 25OHD and 1,25(OH),D, the 24-hydroxylase 
is upregulated by 1,25(OH),D by a vitamin D receptor 
(VDR)-mediated mechanism. Assessment of 24-hydroxy- 
lase activity is often used as a marker of 1,25(OH),D action 
through its receptor. This assessment has been previously 
used to assess VDR responsiveness to 1,25(OH),D in skin 
fibroblasts from hypercalciuric stone-forming patients” (see 
Sect. 13.6.3). To date, more than 50 different metabolites of 
vitamin D have been identified. However, only 1,25(OH),D 
is believed to be important for mediating the biological 
actions of vitamin D on calcium and bone metabolism. 


13.5 Biologic Actions of Vitamin D 
in the Intestine and Bone 


The major physiologic function of vitamin D is to maintain 
serum calcium within a physiologically acceptable range 
conducive to a wide variety of metabolic functions, signal 
transduction, and neuromuscular activity. It accomplishes this 
through genomic mechanisms after binding to its VDR in tar- 
get tissues. In this respect, vitamin D is a steroid hormone and 
acts similar to estrogen and other steroid hormones in induc- 
ing its biological responses. The molecular biology of vita- 
min D action at its receptor has been examined in many 
tissues and systems. The major steps consist of binding to its 
cytoplasmic receptor, undergoing a conformational change to 
reorient the activation function 2 domain, permitting it to 
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interact with other cytoplasmic proteins and coactivators. 
This action leads to its translocation to the nucleus where the 
VDR-1,25(OH),D complex binds with the retinoid X recep- 
tor (RXR) forming a heterodimeric complex that binds to the 
vitamin D response element (VDRE). This allows binding of 
several initiation factors and several other coactivators that 
initiate transcription of the vitamin D responsive gene.* It 
should also be mentioned that there is a growing body of evi- 
dence pointing to 1,25(OH),D-mediated nongenomic rapid 
responses in some target tissues including intestine, osteo- 
blasts, pancreas, smooth muscle, and monocytes. Under this 
scenario, binding of 1,25(OH),D to a membrane surface 
receptor (e.g., caveolae) may result in the activation of one or 
more second messenger systems including phospholipase C, 
protein kinase C, G protein coupled receptors, and phosphati- 
dyl-inositol-3-kinase (PI3). Some of the second messengers 
from this activation may engage in cross-talk with the nucleus 
to modulate gene expression.” Following its interaction with 
the VDR, 1,25(OH),D enhances calcium absorption by induc- 
ing the epithelial calcium channel TRPV6, a member of the 
vanillanoid receptor family, calcium binding protein (cal- 
bindin Do and a basal-lateral low affinity calcium ATPase. 
Activation of these channels and proteins facilitates the move- 
ment of calcium through the cytoplasm and entry into the cir- 
culation via the basal-lateral membrane calcium ATPase. 
1,25(OH),D also enhances the absorption of dietary phospho- 
rus through enhanced cellular brush border phosphate uptake. 
The uptake process is saturable with an affinity coefficient of 
1.0 mM. Thus, the 1,25(0H),D — mediated transcellular 
mechanism is active only under conditions of low dietary 
phosphate. The net result is that there is an increase in the 
efficiency of intestinal calcium and phosphorus absorption. 
Under conditions of low dietary calcium intake, increased cir- 
culating 1,25(OH),D can also interact with the VDR in osteo- 
blasts, resulting in signal transduction to induce RANKL 
expression, a cofactor necessary for the differentiation of 
preosteoclasts to fully mature osteoclasts that then resorb 
bone and liberate calcium and phosphorus into the extracel- 
lular space. 


13.5.1 1,25(OH),D Action 
at the Parathyroid Gland 


The parathyroid chief cell has a VDR and it responds to 
1,25(OH),D by decreasing the expression of the PTH gene 
and decreasing PTH synthesis and secretion. Although it is 
uncertain whether this action of 1,25(OH),D plays any sig- 
nificant role in normal calcium homeostasis, it does have 
important implications in patients with renal failure and sec- 
ondary or tertiary hyperparathyroidism. During long-standing 


secondary or tertiary hyperparathyroidism of the parathyroid 
gland, clusters of PTH secreting cells form that have little or 
no VDR. As might be expected, these cells are no longer 
responsive to the PTH lowering effects of 1,25(OH),D. In 
cases of mild to moderate secondary or tertiary hyperpara- 
thyroidism, PTH secretion can be suppressed by maintaining 
normal serum calcium by controlling for hyperphosphatemia. 
By lowering serum phosphate, the renal synthesis of 
1,25(OH),D is stimulated, promoting increased intestinal 
calcium absorption and suppressing PTH secretion via its 
action at the parathyroid gland VDR. However, when serum 
phosphate is maintained in the normal range and PTH secre- 
tion continues to increase, the oral use of 1,25(OH),D or its 
less calcemic analogs to maintain serum calcium levels and 
suppress PTH synthesis is warranted. Analogs of 1,25(OH),D 
that have been used in this capacity are 19-nor-1,25-dihy- 
droxyvitamin D,, la(alpha)-hydroxyvitamin D,, 1a(alpha)- 
hydroxyvitamin D,, and 1,24-epi-dihydroxyvitamin D,. This 
action of 1,25(OH),D at the parathyroid gland is directly 
applicable to patients with chronic renal failure, but not in 
stone-forming patients with hypercalciuria and normal or 
suppressed PTH. 


13.6 The Role of Vitamin D in the Etiology 
of Stone Disease 


From the foregoing discussion, it is clear that derangements 
in vitamin D metabolism and action might be responsible for 
the development of hypercalciuria and the attendant risk of 
forming a calcium-containing kidney stone. Because of the 
well-established action of vitamin D on intestinal calcium 
transport (see Sect. 13.5) and the recognition that increased 
intestinal calcium absorption is frequently encountered in 
hypercalciuric stone-forming patients, the pathogenetic role 
of vitamin D has been investigated. Despite this, it still 
remains controversial as to whether abnormalities in vitamin 
D action or metabolism exist in patients with kidney stones. 
The following discussion will consider these studies as they 
apply to the pathogenesis of urolithiasis. 


13.6.1 Serum Vitamin D Metabolite 
Concentrations in Patients 
with Urolithiasis 


With the availability of sensitive assays for measuring serum 
1,25(OH),D, the majority of early reports indicated a mild 
increase in the serum concentration of this vitamin D metabo- 
lite for patients classified as having idiopathic hypercalciuria. 
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Table 13.1 Biochemical measurements from studies of stone-forming patients with intestinal hyperabsorption of calcium 


Ca, 250HD 


(nmol/L) 


P. (mmol/L) 


s 


(mmol/L) 


Shen et al. 19777 


Cont (n = 17) 2.50 + 0.08" 1.23 + 0.10 ND 

TH (n= 14) 2.48 + 0.08 0.96 + 0.20" ND 
Gray et al. 1977°8 

Cont (n = 48) 2.39 + 0.08 1.25 +0.19 61 + 20 
TH (n = 26) 2.40 + 0.10 110+£018" 45221" 
Kaplan et al. 1977” 

Cont (n = 11) 2.43 + 0.13 1.25 + 0.23 ND 
AH (n= 21) 2.35 + 0.08 1.23 + 0.20 ND 
Broadus et al. 1984*° 

Cont (n = 25) 2.35 + 0.08 1.17 + 0.20 6723 
AH (n = 50) 2.38 + 0.08 1.06 + 0.13™* 54+19 


1,25(0H),D Ca, GI Ca 

(pmol/L) (mmol/d) absorp (%) 

82+17 45+0.9 3.9+0.3 2 SD ae Ths} 
130 + 46" 8.6 + 1.8" 2.7406" 40+9” 238 +55” 
87 + 29 49+1.9 ND ND 6.5 + 3.6 
150 +74" 0) se 2S)” ND ND GI = 22.1] 
82 + 22 Dare O19 ND 48 + ND 

108 + 26° SPERM ND P 0.54 + 0.21 
ISe: 338) 3.4 + 1.3 3.6 + 0.6 ND ND 

185+ 30™ OS = 3” 3.0+0.6"° ND ND 


“All values presented as mean + SD 


’Stone-forming patients were referred to as either idiopathic hypercalciuria (IH) or absorptive hypercalciuria (AH) despite the majority of patients 
demonstrating a phenotype consistent with intestinal hyperabsorption of calcium. iPTH was determined by different assays with differing units of 
expression. Abbreviations: Ca, — serum calcium; P,— serum phosphorus; Ca, — urine calcium; GI Ca absorp — fractional intestinal calcium absorp- 
tion; iPTH — immunoreactive parathyroid hormone; ND — not determined 


“Significantly different from control at p<0.01 
“Significantly different from control at p<0.001 


Table 13.1 summarizes the pertinent laboratory values from 
these studies.” In all four of these studies, the majority of the 
stone-forming patients were of the absorptive variety as evi- 
denced by direct assessment of intestinal calcium absorp- 
tion*’“° or from other laboratory values such as decreased 
immunoreactive PTH.” As can be seen, all four studies dem- 
onstrated a significantly higher mean serum 1,25(OH),D value 
in the hypercalciuric subjects as compared to the normal con- 
trols. Patients with frank elevations of serum 1,25(OH),D rep- 
resented from 33% to 80% of the patient population studied. 
Another study indicated that the high circulating 1,25(OH),D 
in patients with absorptive hypercalciuria could be suppressed 
by increasing dietary calcium intake from 400 to 1,000 mg/d. 
However, with a longer dietary calcium challenge, there was 
an escape in which circulating 1,25(OH),D concentration 
rebounded toward its initial level providing evidence for disor- 
dered regulation of 1,25(OH),D production.“ Elevations in 
the circulating concentration of 1,25(OH),D could result from 
increased production or decreased metabolic clearance. In 
order to discriminate between these two possibilities, Insogna 
et al.’ used an infusion equilibrium technique to assess meta- 
bolic clearance and production rate in patients with absorptive 
hypercalciuria and compared the results to those from normal 
subjects. Although the absolute metabolic clearance values 
were nearly identical between normal subjects and stone- 
formers, a higher mean serum 1,25(OH),D concentration in 
the stone-formers yielded a significantly higher 1,25(OH),D 
production rate in the patients as compared to controls (3.4 + 
0.5 versus 2.2 + 0.5 ug(micrograms)/d, p<(0.001). In the few 
studies where serum 25OHD was measured, mean values were 
generally within normal limits. 


13.6.2 Cause for Increased 
1,25(OH),D Production 


The cause for the exaggerated renal synthesis of 1,25(OH),D 
in patients with absorptive hypercalciuria has not been appar- 
ent since no perturbations in PTH have been observed. 
In patients with absorptive hypercalciuria, PTH tends to be 
normal to low normal. There has been considerable interest 
in the other known promoter of 1,25(OH),D production, 
namely serum phosphate. In three of the four studies cited in 
Table 13.1, serum phosphate in patients with absorptive 
hypercalciuria was significantly lower than that measured in 
controls. To explain this rise in serum 1,25(OH),D, it was 
assumed that some absorptive hypercalciuric patients might 
have a primary renal phosphate leak. The ensuing hypophos- 
phatemia would then stimulate the renal synthesis of 
1,25(OH),D as discussed previously (see Sect. 13.4.3). Thus, 
the enhanced calcium absorption develops secondarily to the 
hypophosphatemia-induced synthesis of 1,25-dihydroxyvi- 
tamin D rather than as a primary event. This proposed 
scheme is supported by studies showing that (1) serum phos- 
phorus concentration and renal tubular threshold concentra- 
tion for phosphate (TmP) are lower in absorptive 
hypercalciuria than in the control group*’*’; (2) phosphate 
deprivation stimulates 1,25(OH),D production; and (3) 
plasma concentration of 1,25(OH),D is inversely correlated 
with serum phosphorus concentration in a mixed group con- 
sisting of stone-formers, patients with primary hyperpara- 
thyroidism, and control subjects.** 

However, there are substantial data that do not support the 
validity of this scheme, at least in the vast majority of patients 
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with absorptive hypercalciuria. First, serum phosphorus 
concentration was not lower than in the control group if 
patients with absorptive hypercalciuria were evaluated under 
the same dietary regimen and study setting as the control sub- 
jects.*“° For unexplained reasons, serum phosphorus was 
found to be higher in an inpatient setting than in an ambula- 
tory setting in both absorptive hypercalciuric and control sub- 
jects. When appropriately compared, hypophosphatemia and 
reduced TmP were found to be infrequent in absorptive 
hypercalciuria, occurring in only 3 of 56 patients. Second, 
the serum concentration of 1,25(OH),D was not found to be 
correlated with serum phosphorus or TmP if only patients 
with absorptive hypercalciuria were considered. Third, the 
fractional intestinal absorption of calcium was not correlated 
with serum phosphorus or TmP. Finally, orthophosphate ther- 
apy failed to restore normal intestinal calcium absorption 
even though itreduced the serum concentration of 1,25(OH),D. 
While attractive, there appears to be little experimental 
support for renal leak of phosphate stimulating 1,25(OH),D 
production in hypercalciuric stone-forming patients. 

There also appears to be no association of urinary calcium 
excretion with the calcium sensing receptor or the 250HD- 
1a(alpha)-hydroxylase as determined by linkage analysis.“ 
These investigators studied 47 French-Canadian pedigrees 
with idiopathic hypercalciuria and calcium stone formation. 
While they found no linkage with either of these proteins, 
quantitative trait analysis of urinary calcium excretion 
revealed linkage to several markers near the vitamin D recep- 
tor locus.” 


13.6.3 Role of the VDR in Patients 
with Hypercalciuria 


From the preceding discussion, it appears that a majority 
of the hypercalciuric stone-forming patients do not have 
increased circulating 1,25(OH),D concentrations. Since 
intestinal calcium absorption is keenly sensitive to prevailing 
1,25(OH),D concentrations, yet increased intestinal calcium 
absorption is present in many stone-forming patients in the 
face of normal circulating 1,25(OH),D, it suggested that 
there might be an alteration in the half-life of the VDR or in 
its sensitivity to 1,25(OH),D. With the advent of powerful 
new molecular biological approaches and the cloning of the 
VDR,” investigation of the role of vitamin D and its interac- 
tion with its receptor took on a new research direction in 
patients with urolithiasis. Early studies utilized peripheral 
blood mononuclear cells (PBMC) as a vitamin D target tis- 
sue to quantitate VDR in activated T-cells and resting mono- 
cytes from patients with absorptive hypercalciuria.*! 
Scatchard analysis of binding was used to quantitate VDR 
number. Compared to normal subjects, absorptive hypercal- 
ciuric patients had a significantly higher mean value for 


circulating 1,25(OH),D although it remained within the 
normal range. For the group, mean VDR concentration in resting 
(monocytes) and activated (T-lymphocytes) PBMC was not 
different between controls and absorptive hypercalciuric 
subjects. However, there were frank elevations in receptor 
number for six absorptive hypercalciuric patients compared 
to normals, suggesting that the disease may be heterogeneous 
with respect to VDR number. In four of these patients, serum 
1,25(OH),D was determined to be normal, a finding similar 
to that observed for the genetic hypercalciuric stone-forming 
rat (see Sect. 13.6.4). While these studies failed to disclose 
any difference in VDR abundance between patients with 
absorptive hypercalciuria and age- and gender-matched nor- 
mal subjects, patients with disorders characterized by hyper- 
calcitriolemia demonstrated a significant elevation in VDR 
abundance compared to normal subjects and patients with 
absorptive hypercalciuria. This observation is consistent with 
the notion that increased 1,25(OH),D upregulated VDR pro- 
tein and mRNA expression.” Although these studies were 
performed in vitro, assessment of peripheral blood mononu- 
clear cell proliferation via *H-thymidine incorporation dem- 
onstrated a significant inverse relationship with the prevailing 
plasma 1,25(OH),D concentration at the time of blood draw 
for all patients. Since 1,25(OH),D is known to suppress 
peripheral blood mononuclear cell proliferation via interac- 
tion with its receptor,’ it validates the experimental system 
utilized in this study. 

A similar study utilizing PBMC from ten male IH calcium 
oxalate stone-formers was reported by Favus et al." In that 
study, PBMC VDR was quantitated via Western blotting and 
was observed to be twofold greater in IH men as compared to 
age-matched men with no history of stone disease (49 + 21 
versus 20 + 15 fmol/mg protein, p < 0.008). Despite this 
increase in VDR number for IH patients, serum 1,25(OH),D 
was not significantly different (48 + 14 versus 39 + 11 pg/ml). 
These results for VDR number are at variance with those 
obtained by Zerwekh et al.*' and might be due to differences 
in the cell population utilized. Zerwekh et al. utilized a mixed 
cell population (monocytes and activated T-lymphocytes) 
while Favus et al. used a highly purified preparation of mono- 
cytes isolated via a monoclonal antibody to the CD14 plasma 
membrane antigen specific for monocytes. Although there 
were differences in the methodology employed to quantitate 
VDR number (i.e., Western blotting versus Scatchard analysis), 
VDR tissue and monocyte levels measured by Western blot- 
ting and saturation binding have been reported to have a high 
positive correlation in rats.°° Therefore, VDR levels deter- 
mined by saturation binding techniques would be expected to 
correlate with values obtained by Western blotting. 

A follow-up study” took advantage of the expression of 
the VDR in human skin fibroblasts.” They measured VDR 
concentration and VDR mRNA levels in skin fibroblasts 
from 16 patients with absorptive hypercalciuria and 17 age- 
matched normal subjects before and following a 16-hour 
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incubation with 10°M 1,25(OH),D. There were no signifi- 
cant differences in VDR concentration between normal sub- 
jects and absorptive hypercalciuric patients in the basal state 
or following 1,25(OH),D-mediated upregulation (Table 13.2) 
as measured by immunoblot methodology. Analysis of VDR 
mRNA/B(beta)-actin mRNA ratios demonstrated no signifi- 
cant differences between normal subjects and absorptive 
hypercalciuric patients prior to or following 1,25(OH),D 
exposure. As a measure of VDR bioactivity, the 1,25(OH),D- 
mediated induction of the 25-hydroxyvitamin D,-24- 
hydroxylase was quantitated. Again, no significant differences 
were observed between normal subjects and all patients. 
These findings indicated that there is neither an increase in 
VDR concentration in skin fibroblasts, a recognized vitamin 
D responsive cell, nor increased sensitivity to upregulation 
of VDR numbers by 1,25(OH),D in patients with absorptive 
hypercalciuria. The lack of change in the VDR mRNA lev- 
els, despite significant increases in VDR number following 
incubation with 1,25(OH),D, is consistent with other reports 
that have demonstrated that 1,25(OH),D-mediated upregula- 
tion of the VDR is not accomplished by increased transcrip- 
tion, but rather by increased VDR stability.” 

Another approach to assess whether deranged 1,25(OH),D 
action might be a pathogenetic mechanism in absorptive 
hypercalciuria was performed by Zerwekh and colleagues.“ 
This approach was undertaken on the basis of several obser- 
vations. First, absorptive hypercalciuria is known to be inher- 
ited in an autosomal dominant fashion,°* clearly implicating 
a genetic component to the disease. Second, Li et al.“ 
reported increased VDR numbers in the intestine of normo- 
calcemic, normal calcitriolemic genetic hypercalciuric rats 
(see Sect. 13.6.4). Because the hypercalciuria is passed on to 
subsequent generations, it again supports a genetic process, 
and more specifically, a possible defect in the molecular biol- 
ogy of the VDR. Third, it had been previously demonstrated 
that some patients with normal serum 1,25(OH),D concen- 
tration had significant increases in VDR numbers in activated 
lymphocytes (see previous). Finally, in a comparison of 62 
patients with absorptive hypercalciuria and 31 nonhypercal- 
ciuric stone-forming patients, the lumbar bone density was 
lower (—10%) in the hypercalciuric group, with 74% of the 


patients displaying values below the mean.“ Although the 
mechanism for such bone loss in absorptive hypercalciuric 
patients is unknown, if 1,25(OH),D was increased or it 
exerted increased action at the skeleton, the bone loss could 
be the consequence of enhanced calcitriol-mediated bone 
resorption. In the face of normal serum 1,25(OH),D concen- 
tration, the bone loss could be the result of increased sensi- 
tivity of the skeleton to 1,25(OH),D. One explanation for 
such increased sensitivity might reside in common allelic 
variation in the VDR as demonstrated for prediction of bone 
turnover and bone density.’ In addition, the various VDR 
genotypes have been shown to be associated with differing 
levels of transcriptional expression.®’ Based on these obser- 
vations, an examination of the VDR mRNA and genotype 
was performed in 33 patients with absorptive hypercalciuria 
and 36 normal volunteers. Sequence analysis of cDNA was 
performed for 11 unrelated patients with absorptive hyper- 
calciuria and a strong family history of kidney stone disease. 
These samples were analyzed by chemical mismatch cleav- 
age analysis and DNA sequencing. Both methods failed to 
demonstrate any point mutations, insertions, or deletions in 
the coding region of the VDR. Analysis of the restriction 
fragment length polymorphism (RFLP) Bsm I performed in 
all 33 absorptive hypercalciuric patients and 36 controls also 
failed to disclose any significant difference in the distribution 
of the various alleles between patients and controls. In addi- 
tion, no significant differences were found between VDR 
genotype and serum or urine biochemical parameters. 
Although these studies failed to disclose an alteration in the 
VDR mRNA, they do not discount a potential increase in 
intestinal VDR number or action. Finally, the lack of a unique 
VDR genotype associated with the absorptive hypercalciuric 
phenotype does not eliminate from consideration an altera- 
tion in VDR gene expression since all patients studied were 
unrelated. Ideally, such a study should be undertaken in 
large kindreds wherein the absorptive hypercalciuric pheno- 
type demonstrates an inherited pattern. RFLP analyses in 
such kindreds might demonstrate a VDR genotype common 
to all afflicted individuals that is distinct from that of unaf- 
fected relatives. Of course, the presence of a common VDR 
genotype in absorptive hypercalciuria would not provide 


Table 13.2 VDR protein concentration, mRNA/B(beta)-actin mRNA, and 24-hydroxylase activity in skin fibroblasts from normal subjects and 


patients with absorptive hypercalciuria prior to and following incubation with 1,25(OH),D, 


Normal subjects 


VDR protein, ng/mg protein 
VDR mRNA/B(beta)-actin MRNA 
250HD,-24-hydroxylase, pmol/mg protein/30 min = 


+1,25(OH),D," +1,25(OH),D, 
43 + 18° 30+ 15 42 + 16° 
2.7+2.8 18424 19+18 
2.1416 = 19+1.6 


“Sixteen hour incubation with 10° M 1,25(OH),D, 
ÞMean + SD 


“Significantly different from basal value at p = 0.005. Reprinted from Zerwekh et al.” with permission from S. Karger AG, Basel 
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evidence for a VDR defect per se, but could serve as a marker 
for the disease that could aid in the identification of a possi- 
ble disease locus. 


13.6.4 Role of the VDR in the Genetic 
Hypercalciuric Stone-Forming (GHS) Rat 


Attempts to gain a cellular and molecular understanding of 
the role of deranged vitamin D metabolism and action in the 
pathophysiology of IH and increased intestinal hyperabsorp- 
tion of calcium had been hampered by the lack of a suitable 
animal or cell model of the disease wherein such mecha- 
nisms might be explored. In 1988, Bushinsky and colleagues 
described the first animal model of IH. This rat model of 
hypercalciuria was created by the selective breeding of the 
most hypercalciuric male and female rats from each progeny. 
It mimics many of the clinical and biochemical findings in 
stone-forming patients with absorptive hypercalciuria. These 
are represented by (1) marked hypercalciuria, (2) enhanced 
intestinal calcium absorption, (3) normal serum 1,25(OH),D, 
(4) normocalcemia, and (5) both brushite and calcium oxalate 
stone formation.” Detailed studies in this animal model have 
demonstrated that the hypercalciuria is the result of dysregu- 
lation of calcium transport in all three calcium regulating 
organs, namely the gut, bone, and kidney. Thus, the hyper- 
calciuria results from increased intestinal calcium absorp- 
tion, increased bone resorption, and decreased renal calcium 
reabsorption. Because serum 1,25(OH),D is normal in these 
hypercalciuric rats, it suggested that there might be alteration 
of the VDR. It was subsequently shown that VDR number 
was increased in all three target organs compared to normo- 
calciuric controls. The cause of the increased VDR number 
was shown not to be due to increases in VDR mRNA levels 
as measured by slot-blot analysis, suggesting that the altered 
regulation of the VDR occurs posttranscriptionally. As dis- 
cussed earlier, similar findings were observed for PBMC and 
skin fibroblasts from patients with absorptive hypercalciuria. 
Further studies disclosed that duodenal VDR half-life was 
prolonged in GHS rats as compared to normal rats.” This 
finding supported the hypothesis that prolongation of VDR 
half-life increases VDR tissue levels and mediates increased 
VDk-regulated genes that result in hypercalciuria. At the 
gut, increased VDR number results in increased expression 
of calbindin Dy: At the kidney, increased VDR number 
results in augmentation of the expression of calbindin D,,,. 
While calbindin D,, is known to promote an increase in 
intestinal calcium transport across the duodenum, both cal- 
bindin D,, and calbindin D,,« are believed to be involved in 
calcium transport across renal tubule epithelia.”” However, 
increased renal calbindin D expression would be expected 
to decrease urinary calcium losses by driving more luminal 


calcium uptake, an effect opposite to that observed for the 
GHS rat.” This suggests that there may be defects at the other 
two sites of renal calcium transport, namely the epithelial 
calcium channel and the two basolateral calcium extruding 
pumps. Expression of the renal epithelial calcium channel 
(TrpV5) is known to be upregulated by 1,25(OH),D.” 
However, examination of the expression level or primary 
sequence of TrpV5 failed to disclose any differences between 
the GHS and normal control rats. At present, no such 
assessment of the basolateral sodium calcium exchanger or 
plasma membrane calcium ATPase has been performed in 
GHS rats. Thus, while it is clear that increased VDR number 
probably accounts for the increased intestinal calcium absorp- 
tion and increased bone resorption observed in GHS rats, the 
role of vitamin D and the VDR in the renal mechanism of calcium 
loss is less clear. 


13.7 Conclusions 


There has been a renewed interest in vitamin D research in 
light of numerous recent epidemiological studies implicating 
a role for this steroid hormone in the development of many 
chronic diseases. Despite these investigations, there have 
been limited investigations into the role of deranged vitamin 
D metabolism and action in promoting hypercalciuria in 
patients with idiopathic hypercalciuria. While increased cir- 
culating 1,25-dihydroxyvitamin D concentrations have been 
found in up to one third of patients with idiopathic hypercal- 
ciuria (IH), the cause for the increased renal production of 
this active metabolite is not known. 

The phosphate leak hypothesis and ensuing hypophos- 
phatemia have been suggested as a mechanism for some 
patients with IH. To date, demonstration of a derangement in 
phosphate homeostasis has not been substantiated nor have 
alterations in immunoreactive PTH been observed. 
Furthermore, a limited number of genetic studies looking for 
derangements in the enzyme producing 1,25-dihydroxyvita- 
min D have been unfruitful. Thus, while increased circulat- 
ing 1,25-dihydroxyvitamin D is an attractive explanation for 
hypercalciuria in calcium stone-formers, it remains specula- 
tive without a firm explanation for increased renal production. 

On the other hand, studies have emerged supporting a role 
for increased end-organ sensitivity to vitamin D via increased 
vitamin D receptor numbers. Presumably, such an increase 
would result in increased intestinal calcium absorption and 
contribute to hypercalciuria. It should also increase the loss 
of calcium from bone due to increased vitamin D-mediated 
bone resorption. To date, such studies have been performed 
in an animal model of hypercalciuria or with nonclassical 
target organs in humans; e.g., skin fibroblasts, circulating 
monocytes. 
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Future research directions will require verification of 
increased vitamin D receptor number in classical target organs 
such as gut and bone of patients with IH. In addition, the role 
of increased vitamin D action at the kidney will also need in- 
depth evaluation, since calcium reabsorption at the distal con- 
voluted tubule is increased in response to vitamin D — an effect 
that would act to decrease urinary calcium excretion. Clearly, 
the role of vitamin metabolism and action in promoting IH is 
far from complete. 
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Abstract Citrate is the most abundant organic anion in human urine. Its urinary excretion rate 
mainly depends on acid-base status: Alkalosis induces an increase in urinary citrate excretion, 
whereas acidosis has the opposite effect. It is important to note that citrate utilization by renal 
cells and urinary citrate excretion are mainly affected by intracellular changes in acid base 
homeostasis of proximal tubular cells. Even small acid loads such as meat protein-rich meals 
decrease urinary excretion of citrate. Low urinary citrate (hypocitraturia) is defined as daily 
urinary citrate excretion rates below 1.70 mmol (320 mg) in men and 1.90 mmol (350 mg) in 
women. Hypocitraturia occurs in 20-60% of calcium stone formers. Sufficient citrate in urine 
is important because citrate retards the crystallization of stone-forming calcium salts, mediates 
inhibitory effects of macromolecular modulators of calcium oxalate crystallization and — due 
to its alkalinizing effect — reduces rates of uric acid stone formation. Treatment with alkali 
citrate, usually in the form of potassium citrate or magnesium potassium citrate, is widely used 
to increase urinary citrate and reduce rates of stone formation in patients with hypocitraturic 
calcium nephrolithiasis as well as uric acid stone disease. 


14.1 Introduction again toward the close link between urinary citrate excretion 
and acid—base metabolism. 

Citrate is a weak tricarboxylic acid with pK, values of 2.91, 
4.34 and 5.62. At physiological pH values, it is primarily 
present in its dissociated trivalent form, citrate’, and thus has 
alkaline properties. Citrate can be endogenous or exogenous. 
Dietary citrate is nearly totally absorbed in the intestine and 
primarily used in the liver and kidneys.’ When given orally, 
citrate is metabolized to bicarbonate in the liver and thus is a 
provider of alkali? In whole blood, citrate mainly circulates 
unbound to larger molecules.’ Plasma concentrations of citrate 
in humans are low and range between 0.05 and 0.3 mmol/I.'° 
Plasma citrate can also derive from endogenous production in 
cells.’ Intracellular citrate is a central component of the tricar- 
boxylic acid cycle (Krebs’ cycle) in which ATP is produced.’ 


The presence of citrate in human urine was first described by 
Amberg and McClure in 1917.' In 1931, it became evident 
that urinary excretion of citrate was closely linked to acid- 
base homeostasis: Alkalotic patients excreted more citrate in 
their urines than patients in metabolic acidosis.’ Already a 
few years later, the association between low urinary citrate 
excretion and urinary stone formation was established.* At 
that time, however, it was concluded that low urinary citrate 
excretion in stone patients was caused by urinary tract infec- 
tion, due to bacterial citrate consumption.*° In 1962, it was 
claimed that overt hypocitraturia, defined as a urinary citrate 
excretion of less than 400 mg/day (2.1 mmol/day) in men 
and 200 mg/day in women, was only present in patients with 
urinary tract infection or renal failure.° The latter condition 
commonly goes along with hypocitraturia, because progres- 


sive metabolic acidosis with increasing renal failure causesa 14,2 Physiology and Pathophysiology 


progressive decrease in urinary citrate excretion.’ This points of Urinary Citrate in Stone Disease 
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convoluted tubule.”"'' Citrate is the most abundant organic 
anion in human urine and an important substrate in the 
metabolism of renal cells.* Renal cells reabsorb about 6.6 
u(micro)mol citrate per minute from tubular fluid and remove 
another 1.5 umol/min from peritubular blood, thus in total 
8.1 umol citrate is extracted per minute and enters renal cell 
metabolism.'? Major parts of renal cell metabolism of citrate 
are oxidative processes in the Krebs citric acid or tricarboxy- 
lic acid cycle.” 

The most important factor influencing urinary citrate 
excretion is acid-base status.'°'' Alkalosis induces an 
increase in urinary citrate excretion, whereas acidosis has the 
opposite effect.'°'' It is important to note that citrate utiliza- 
tion by renal cells and urinary citrate excretion are mainly 
affected by intracellular changes in acid base homeostasis of 
proximal tubular cells. Already under normal conditions, 
renal cortical citrate concentrations exceed plasma levels of 
citrate, indicating an active transport into tubular cells. 
Whereas citrate uptake across the basolateral membrane of 
proximal tubule cells appears to occur via a tricarboxylate 
transporter, a unique coupled sodium-dependent dicarboxylic 
transporter is responsible for citrate reabsorption at the apical 
(luminal) membrane.” As depicted in Fig. 14.1, the trans- 
port at the apical membrane is electrogenic, because three 
sodium ions are transported for each citrate. The preferred 
transport of the less abundant citrate?” species is the major 
reason for the strong pH dependence of citrate transport at 
the apical membrane, because the divalent species becomes 
much more prevalent at lower pH values. Indeed, a threefold 
rise in citrate™ concentration can be observed as pH decreases 
from 7.4 to 6.9.° This increases citrate reabsorption at the 
apical cell membrane. In addition, activity of citrate lyase 
rises in acidosis, which lowers intracellular citrate concen- 
trations and further favors reabsorption from tubular fluid.’ 
Moreover, the number of sodium-dependent citrate transporters 
is increased in acidosis.” 

The combination of all these factors allows for a net 
increment in renal cell utilization and a decrease in urinary 


Peritubular Tubular 
Capillary Lumen 
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Fig.14.1 Highly simplified model of citrate transport by renal proximal 
tubule cells (modified from’). For details, see text. The transport at the 
apical membrane is electrogenic; i.e., three sodium ions are transported 
for each citrate?” 


excretion of citrate even with rather small acid loads, such 
as a meat protein-rich meal. On the other hand, alkali loads 
raise intracellular pH, which inhibits mitochondrial citrate 
oxidation, causing cytosolic accumulation and reduction in 
cellular uptake of citrate.'° Together with the reversal of the 
previously mentioned factors that affect citrate uptake in 
acidosis, this mechanism is responsible for an increase in 
urinary citrate excretion during alkali loads or alkalosis. 
Sufficient citrate in urine is important because citrate 
retards the crystallization of stone-forming calcium salts,'” 
mainly by formation of a pH-dependent calcium-citrate- 
phosphate complex,'? and mediates inhibitory effects of 
macromolecular modulators of calcium oxalate crystalliza- 
tion.'*:> In addition, due to its alkalinizing effect, citrate has 
successfully been used to raise urine pH and reduce rates of 
stone formation in patients with low urine pH and uric acid 
stones.!° Moreover, initiation of urease-induced crystalliza- 
tion in urines of healthy volunteers taking oral potassium 
citrate is markedly delayed,'’ suggesting that alkali citrate 
treatment could also be beneficial in infection stone disease. 
Low urinary citrate (hypocitraturia) is defined as daily 
urinary citrate excretion rates below 1.70 mmol (320 mg) in 
men and 1.90 mmol (350 mg) in women.'* Hypocitraturia as 
a pathogenetically important risk factor occurs in 20-60% of 
calcium stone formers.” It is therefore mandatory to measure 
urinary citrate in idiopathic calcium stone formers and to 
know the relevant risk factors for hypocitraturia. The main 
conditions leading to intracellular acidosis as the common 
denominator of hypocitraturia are summarized in Table 14.1. 
Among those, the most prevalent is incomplete distal (or 
type 1) renal tubular acidosis (RTA); i.e., no systemic acido- 
sis, but persistently high urine pH even after acid loading. It 
is due to a defect in net H* excretion by the collecting 
tubules’? and has been found in up to 90% of “idiopathic” 
calcium stone formers with low urinary citrate.” Besides all 


Table 14.1 List of conditions associated with hypocitraturia (Modified/ 
updated from !° 
1. Due to intracellular acidosis 
e Systemic metabolic acidosis (including acidosis in chronic 
renal failure) 
° Incomplete distal RTA 
e Dietary acid loads (exaggerated meat protein consumption) 
° Dietary salt loading (> J Renin > J Angiotensin II > 4 
activity of luminal Na*-H*-antiporter > Î intracellular [H*]) 
e Carboanhydrase inhibitors: 
Acetazolamide, Topiramate (anticonvulsant) 
e Malabsorption syndromes / chronic diarrhea (HCO, loss) 
e Potassium depletion (Thiazide diuretics!) 


2. Due to other mechanisms 
a di complex formation with cations (relative shortage of 
urinary Ca and Mg) 
° bbTT polymorphism of the vitamin D receptor 
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the conditions leading to intracellular acidosis, low urinary 
calcium or magnesium concentrations may also predispose 
to reduced urinary citrate excretion, since a relative shortage 
of these cations may result in reduced complex formation 
between citrate and the cations. Reduced complex formation 
would leave more citrate as free ions and thus increase citrate 
uptake by proximal tubular cells.'° Finally, the bbTT poly- 
morphism in the 3’ region of the vitamin D receptor gene has 
been described to be associated with hypocitraturia in hyper- 
calciuric stone formers.”! 

Increases in urinary citrate are primarily associated with 
factors leading to intracellular alkalosis. Indeed, urinary citrate 
excretion is positively related to net gastrointestinal absorption 
of alkali.’* In addition, increases in urinary citrate are associ- 
ated with increases in urinary calcium and magnesium excre- 
tions due to more pronounced complex formation with 
subsequent reductions in cellular uptake of citrate.” This may 
even be seen as a protective mechanism against hypercalciuric 
renal stone formation. Finally, urinary citrate has been shown 
to increase during pregnancy.’ 


14.3 Citrate Treatment of Stone Disease 


In calcium nephrolithiasis, treatment with alkali citrate, usu- 
ally in the form of potassium citrate or magnesium potas- 
sium citrate, is widely used to increase urinary citrate and 
reduce rates of stone formation in patients with hypocitratu- 
ric calcium nephrolithiasis. When looking for “hard” scien- 
tific evidence of such a treatment, however, it appears that 
only four randomized controlled trials including 227 patients 
have been accomplished.” In our review, which was based 
on a true intention-to-treat analysis, these trials have revealed 
that 54% of alkali citrate-treated patients remained stone- 
free after at least 1 year of treatment, whereas a significantly 
lower fraction of 35% was stone-free on placebo treatment.”! 
Of equal importance appear data from two randomized, 
placebo-controlled trials in a total of 104 stone patients.**”* 
With clearance or dissolution of preexisting (residual) stones 
as ultimate endpoint, 1 year of treatment left two thirds of 
alkali citrate-treated patients stone-free, again significantly 
more than on placebo (27.5%). It may be anticipated that 
more complete fragment clearance would be associated with 
a reduced likelihood of residual fragments becoming niduses 
for newly growing stones. 

Alkali citrate treatment not only raises urinary citrate levels 
in patients with calcium nephrolithiasis, but also has a general 
alkalinizing effect, which is beneficial for patients with uric 
acid’® as well as cystine stones.“ Moreover, alkali citrate may 
even be beneficial for retarding growth of infection stones.” 
Therefore, alkali citrate could be a sort of panacea for almost 
any kind of kidney stone disease. 


However, as obvious from studies as well as clinical 
experience, a more widespread use of alkali citrate prepara- 
tions is limited due to the relatively low tolerability of avail- 
able alkali citrate preparations. Overall, 17% of subjects on 
placebo, but almost one third on alkali citrate treatment for 
prevention of stone recurrences prematurely left the random- 
ized trials.?' It is noteworthy that the highest ever reported 
drop-out rate, almost half of the patients, was observed on 
treatment with potassium magnesium citrate,” which basi- 
cally appears to be more efficient than potassium citrate in 
lowering the activity product of calcium oxalate.” Adverse 
effects that reduce treatment compliance have been noted 
mainly in the gastrointestinal tract and include eructation, 
bloating, or gaseousness in 26% and frank diarrhea in 12% 
of potassium magnesium citrate-treated patients.” Thus, the 
development of better tolerated alkali citrate preparations 
remains an important issue for the future. 

The fact that any alkali would suffice to increase urinary 
pH and citrate excretion”'’ could offer interesting alterna- 
tives for stone patients who do not tolerate currently avail- 
able alkali citrate preparations. For instance, 1.2 1 of orange 
juice per day cause increases in urine pH and citrate similar 
to conventional doses of potassium citrate,” and bicarbon- 
ate-rich mineral water appears equally effective to sodium 
potassium citrate in increasing urine pH and citrate as well as 
decreasing relative urinary supersaturations of calcium 
oxalate and uric acid.” Finally, equal stone size reductions 
over time have been reported in stone formers randomized to 
either sodium potassium citrate or a tea based on the herbal 
plant Orthosiphus grandiflorus, whereby patients treated 
with the herbal tea did not experience any adverse effects in 
comparison to 26% of sodium potassium citrate-treated 
patients.” It appears that many patients who do not tolerate 
currently available alkali citrate medications might profit 
from more “natural” sources of alkali in order to raise uri- 
nary citrate excretion. 


14.4 Conclusions 


Urinary excretion of citrate, the most abundant organic anion 
in human urine, highly depends on acid-base status. In prox- 
imal tubular cells, intracellular alkalosis induces an increase 
in urinary citrate excretion, whereas acidosis has the oppo- 
site effect. Low urinary citrate (hypocitraturia) is defined as 
daily urinary citrate excretion rates below 1.70 mmol (320 
mg) in men and 1.90 mmol (350 mg) in women. It occurs in 
20-60% of calcium stone formers and can be the conse- 
quence of a variety of conditions such as (incomplete) distal 
renal tubular acidosis, meat protein and/or salt overconsump- 
tion, potassium depletion, treatment with carboanhydrase 
inhibitors and malabsorption syndromes/chronic diarrhea. 
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Normal urinary citrate concentrations are required for 


retarding the crystallization of stone-forming calcium salts and 
enhancing inhibitory effects of certain macromolecular modu- 
lators of calcium oxalate crystallization. Furthermore, due to its 
alkalinizing effect, citrate reduces rates of uric acid stone for- 
mation. Treatment with alkali citrate, usually in the form of 
potassium citrate or magnesium potassium citrate, is always 
indicated in hypocitraturie calcium stone formers as well as in 
patients with low urine pH and uric acid stone disease. 
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Abstract Uric acid nephrolithiasis comprises 8—10% of patients with kidney stone disease. 
However, this prevalence is higher in particular ethnic populations and in certain regions of the 
world. The major pathophysiologic mechanism for uric acid nephrolithiasis is unduly acidic 
urine. At a urinary pH below 5.5, the concentration of sparingly soluble uric acid increases and 
promotes the formation of uric acid stones. Unduly acidic urine is likely due to defective renal 
ammoniagenesis. Moreover, emerging studies suggest that increased endogenous acid produc- 
tion, in addition to defective urinary ammonium buffering, may also be responsible for the 
abnormally acidic urine in this population. The underlying mechanism of low urinary ammo- 
nium and increased endogenous acid production has been linked to the metabolic syndrome 
and may also be associated with renal fat accumulation in the kidney. Although low urinary 
pH is necessary, it alone is not sufficient for uric acid crystal precipitation. This implies the 
potential role of inhibitors and/or promoters of uric acid crystallization. 


15.1 Introduction 15.2 Epidemiology of Uric Acid 
Nephrolithiasis 


Over the past decade, major progress has been made in our 


understanding of the pathophysiologic mechanisms of uric 
acid (UA) stone formation. A preliminary study initially 
described a high prevalence of UA stones among patients with 
type 2 diabetes (T2DM).' In studies following, a high preva- 
lence of uric acid stones was also shown in obese patients.” 
Furthermore, it was later described that higher body mass 
index (BMI) and T2DM are independent risk factors for UA 
nephrolithiasis, and the prevalence of UA stones further rises 
with higher BMI in the presence of T2DM.* These observa- 
tions were consistent with multiple large epidemiologic studies 
displaying a link between obesity, weight gain, T2DM, an 
aggregate of features that are characteristic of the metabolic 
syndrome (MS), and UA nephrolithiasis.'"'! 
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UA stones constitute 8-10% of all kidney stones.'* The global 
prevalence of UA stones is heterogeneous, with its highest 
prevalence in the Middle East"? and in certain parts of Europe." 
In the Midwestern region of the United States, the prevalence 
of UA stone formation has been shown to be exceedingly high. 
This escalated prevalence is due to an increased Laotian 
Hmong immigrant population." This abnormal tendency 
toward UA stone formation may be influenced by their spe- 
cific dietary habits of consuming a large amount of purine 
with each meal and may also be due to consanguine marriages 
in this population (Table 15.1). 


15.3 Uric Acid Metabolism 


15.3.1 Uric Acid Homeostasis 


The principle sources of UA production include de novo syn- 
thesis, tissue breakdown, and dietary sources. However, 
hepatic synthesis is the primary constituent in UA production. 
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Table 15.1 Global distribution of UA nephrolithiasis 
Region Distribution percentage 


United States 5-10% (50% Laotian Hmong population) 


England 5-10% 
Japan 10% 
Germany 25% 
Middle East 30% 


Table 15.2 Uric acid homeostasis 


Production Excretion 
Renal 


Intestinal 


Endogenous purine synthesis 
Tissue nucleic acids 


Dietary purines 


This process involves the recycling of guanine and hypoxan- 
thine nucleotides. In a state of excess these substrates are con- 
verted into xanthine, which, with the influence of the xanthine 
oxidase enzyme, is ultimately converted into UA. '® In a steady 
state and under normal conditions, endogenous purine turn- 
over does not change significantly.” However, in a diseased 
state — such as conditions with increased tissue catabolism, 
serum UA concentration, and urinary UA — excretion rises 
due to a substantial increase in purine turnover.'® In general, 
approximately half of the daily urate burden is acquired from 
dietary sources while the remaining half is comprised of 
de novo UA synthesis and tissue breakdown. With the excep- 
tion of overly high dietary purine consumption, the effect of 
dietary influences on serum UA concentration and urinary 
UA excretion is not significant.” UA excretion occurs in 
both the intestine and kidney, with 75% excreted in the urine 
and 25% excreted enterically.”' (Table 15.2) 


15.3.2 Renal Uric Acid Handling 


15.3.2.1 Renal Tubular Uric Acid Reabsorption 


The renal mechanism of urate handling is complex, consisting of 
glomerular filtration, tubular reabsorption, tubular secretion, and 
post-secretory reabsorption. Under normal conditions, 90% of 
filtered UA is reabsorbed by the proximal renal tubule. However, 
fractional urate excretion differs among the various mammalian 
species. It accounts for 40% in rats and 200% in pigs.” 

In recent years, there has been major progress made in the 
discovery of various transporters regulating renal tubular UA 
reabsorption (Fig. 15.1). Specifically, the URAT1 transporter 
in the apical membrane of the proximal renal tubular 
cell encoded by Slc22A12 (solute carrier gene family 22, 


Renal Proximal Tubule Cell 


Fig. 15.1 Molecular mechanisms for urate transport. Urate is reab- 
sorbed into the cell via URATI after stimulation by intracellular anions. 
Urate may also be taken up into the cell via OAT1, OAT3, or UAT. UAT 
is also present on the apical membrane and may be responsible for tran- 
scellular transport. MRP4 is found on the apical membrane, requires 
ATP, and may be responsible for apical urate secretion 


member 12), has been shown to play a principle role in renal 
tubular UA reabsorption. This apical urate-anion exchanger 
is found in all reabsorptive species including humans, pri- 
mates, rats, and dogs. However, this transporter is inactivated 
in secretory species such as pigs and rabbits.**”’ It has also 
been shown that certain organic anion transporters (OATs), 
such as lactate, nicotinate, and pyrazinamide, influence the 
activity of URAT 1-mediated renal UA reabsorption.” Sodium- 
dependant apical entry of monovalent anions such as lactate, 
pyrizanimide, butyrate, and nicotinate are mediated through 
Slc5A8 and Slc5A12 co-transporters and enhance the apical 
urate reabsorption. This process occurs via the URAT1 anion 
exchanger.” Moreover, uricosuric agents including probenecid, 
benzbromarone, and nonsteroid anti-inflammatory agents 
have been identified to inhibit the activity of URAT1. 


15.3.2.2 Renal Tubular Uric Acid Secretion 


The exact mechanism for UA secretion has not been fully 
explored. It has been suggested that positive proximal renal 
tubular lumen potential stimulates urate secretion.” Recently, 
certain OATs have also been suggested to play a role in renal 
tubular UA secretion.**°' These transporters are expressed 
in the basolateral membrane, which may be a potential 
candidate that increases UA uptake into the renal proximal 
tubular cell and consequently increases its secretion.*°*"! 
Other candidate transporters playing a role in renal tubular 
urate secretion include urate transporter/channel 1 (UAT1),” 
voltage-driven organic anion transporter 1 (OATv1),** and 
multiresistant-associated protein 4 (MRP4).** However, the 
role of these transporters in human urate secretion has not 
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been elucidated. Despite our progress in the knowledge and 
understanding of the molecular mechanism of apical urate 
entry, its exact exit pathway also remains unknown. 


15.4 Physicochemical Properties of Uric Acid 


UA is the end product of purine metabolism in higher mam- 
mals. Due to a lack of the hepatic enzyme, uricase, serum UA 
concentrations in these species are high. Uricase is known to 
transform UA to a more soluble compound, allantoin.* 
Urinary UA solubility is limited to 96 mg/L. Therefore, a uri- 
nary UA excretion in excess of 600 mg/day exceeds its limit 
of solubility and enhances the risk of UA precipitation.'® 
Furthermore, urine pH also plays a key role in UA’s solubility 
in the urinary environment. UA is a weak organic acid with an 
ionization constant (pKa) of 5.5.°°°’ With an unduly acidic 
urine (urinary pH < 5.5), an invariable feature in subjects with 
UA stones, the urinary environment becomes supersaturated 
with respect to sparingly soluble undissociated UA.” In 
addition to increasing the tendency toward UA precipitation, 
this process also increases the propensity of mixed uric acid 
and calcium oxalate stone formation. The latter process 
involves the heterogeneous nucleation and epitaxial crystal 
growth.“ UA solubility in the urine is also influenced by the 
urinary electrolyte composition. Urine enriched with monop- 
otassium urate has been shown to have a higher solubility 
than in urine saturated with monosodium urate.**“> These dif- 
ferences in the physicochemical properties of various urate 
salts has been the principle factor in the development of potas- 
sium alkali treatment, an agent which has been shown to be 
superior to alkali treatment in UA stone forming subjects.“ 
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In addition to the aforementioned factors, the potential roles 
of inhibitors and/or promoters have been suggested for the 
propensity of UA stone formation. Experimental evidence has 
shown that macromolecules may inhibit the adhesion of UA 
crystals to renal epithelial cells.“° Moreover, reduced urinary 
excretion of glycosaminoglycans has been reported in UA 
stone formers compared to non-stone forming controls.“ 


15.5 Etiology of Uric Acid Stones 


The major etiologic factors for the development of uric acid 
stones are low urine volume, hyper uricosuria, and unduly 
acidic urine (Fig. 15.2). Multiple etiologic mechanisms, 
including congenital, idiopathic, and acquired causes, are 
operative in UA stone formation.** Idiopathic UA nephro- 
lithiasis (IUAN) is the most common cause of UA stone for- 
mation.” The pathogenesis of IUAN cannot be a result of an 
inborn error in metabolism,**>”*! disease states such as chronic 
diarrhea,’ or environmental influences such as strenuous 
physical exercise or overindulgence in a high purine diet. 5 


15.6 Pathophysiology of Uric Acid Stones 


15.6.1 Low Urine Volume 


Low urine volume is known to increase the urinary super- 
saturation of stone forming constituents.** This mechanism is 
important in conditions such as a chronic diarrheal state or 
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following strenuous physical exercise, specifically when low 
urinary volume is accompanied by unduly acidic urine due to 
diarrheal alkali loss or excessive endogenous acid production 
commonly encountered with strenuous physical activity.'*°? 


15.6.2 Hyperuricosuria 


Hyperuricosuria may occur due to genetic and/or dietary fac- 
tors. One example is subjects with primary gout in which 
both dietary influences and endogenous UA production may 
contribute to hyperuricemia and consequent hyperuricosu- 
ria.” Hyperuricosuria invariably occurs in a few rare hered- 
itary disorders with mutations in the enzymatic pathways 
responsible for UA production. These conditions include 
X-linked hypoxanthine guanine phosphoribosy! transferase 
deficiency, X-linked phosphoribosy] synthetase overactivity, 
and autosomal recessive glucose-6-phosphatase deficiency.” 
The clinical course of these disorders is accompanied by a 
significant risk of kidney stone formation, gout, and renal 
failure. Biochemically, these subjects present profound hype- 
ruricemia and significantly elevated urinary UA excretion in 
excess of 10 mg/dl and 1,000 mg/day, respectively. These 
abnormalities commonly manifest during childhood, how- 
ever, they may remain silent until puberty.” 

Recently, a genetic mutation localized on chromosome 
11q13 encoding URAT1 has been described as showing evi- 
dence of hyperuricosuria, hyperuricemia, increased UA kid- 
ney stone formation, and exercise-induced acute renal 
failure. Moreover, in a Sardinian population, a putative 
gene locus localized on chromosome 10q122 has been linked 
to UA nephrolithiasis. A protein product identified and des- 
ignated as zinc finger protein 365 (ZNF365) has also been 
linked to UA nephrolithiasis in this population. However, the 
function of this protein has not been fully elucidated.*° 

The escalated tissue breakdown encountered with malig- 
nancies and chemotherapy increases UA production and may 
also lead to hyperuricosuria.'*°’ Additionally, certain uricosu- 
ric drugs such as high-dose salicylates, probenecid, radiocon- 
trast agents, and losartan have also been known to increase UA 
excretion, which thereby increase the risk of UA stone forma- 
tion.**°* This complication specifically occurs after the initial 
institution of the drug and/or in combination with hyperurice- 
mia.'° Therefore, it is imperative not to recommend the use of 
these drugs in subjects with UA overproduction.* 


15.6.3 Acidic Urine pH 


Abnormally acidic urine (urinary pH < 5.5) is an invariant fea- 
ture in patients with IUAN.” (Fig. 15.3) Acidic urinary pH as 
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Fig. 15.3 Unduly acidic urine in UA stone formers (Reprinted with 
permission from Pak et al.®) 


a key factor in UA stone formation was originally described 4 
decades ago and was attributed to defective urinary ammo- 
nium (NH,,*) excretion.” This defective ammoniagenesis was 
first proposed to be a result of enzymatic disturbances in the 
conversion of glutamine to a(alpha)-ketoglutrate, which con- 
sequently lowered urinary NH,* excretion.°' However, the 
validity of this concept did not prevail. A major advance in our 
understanding of the pathophysiology of unduly acidic urine 
in IUAN has evolved over the past decade. Multiple cross- 
sectional clinical studies conducted in both kidney stone form- 
ers and normal subjects have shown an inverse relationship 
between urinary pH, body weight, and features of the MS.°-°° 
Furthermore, careful metabolic studies have also displayed 
that unduly acidic urine may be due to a combination of 
lowered NH," excretion and increased endogenous acid pro- 
duction. These conditions are associated with obesity and T2DM 
and are responsible for fatty infiltration of the kidney.” 


15.6.4 Impaired Ammonium Excretion 


NH,‘ excretion plays a key role in the regulation of acid base 
balances. Due to its high pKa of 9.3 (NH,/NH,* system), 
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under normal circumstances NH * is able to effectively buf- 
fer the majority of secreted protons.” The residual protons 
are then buffered by titratable acid (TA), as a result of its 
favorable pKa of 6.8 and its relatively high concentration, in 
order to maintain a normal urinary pH.‘ However, in IUAN 
patients with defective NH,* excretion, TA plays a key role in 
maintaining these acid base balances by buffering most of 
the secreted protons. The trade-off in this process is unduly 
acidic urine, which increases the propensity of UA precipita- 
tion and UA stone formation. A single metabolic study under 
a fixed metabolic diet recently displayed defective NH,* 
excretion in IUAN subjects (Fig. 15.4).” The defective NH,* 
excretion seen in these subjects was further unmasked by the 
administration of an acute acid load that was shown to exag- 
gerate this ammoniagenic effect.” These results were consis- 
tent with an additional study, conducted on an ad-lib diet, 
showing a defective NH,* excretion in both IUAN subjects 
and also in T2DM patients without kidney stones who shared 
the same phenotypic characteristics of MS.” Moreover, a 
study in normal subjects showed that urinary pH and NH,* 
excretion progressively falls with increasing features of the 
MS.” These studies cumulatively suggest that renal ammo- 
niagenesis and low urinary pH may not be specifically related 
to IUAN, but may be general features of the MS. 

A pathophysiologic link between peripheral insulin resis- 
tance, urinary pH, and NH,” excretion was first revealed in a 
metabolic study using the hyperinsulinemic euglycemic 
clamp technique in IUAN subjects.” This study further 
inferred the potential causal relationship between insulin 
resistance, defective urinary NH,* excretion, and consequent 
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Fig. 15.4 Impaired urinary ammonium excretion in UA stone formers 
(Reprinted with permission from Sakhaee et al.*”) 


unduly acidic urine in this patient population. Several 
experimental studies have determined that insulin receptors 
are expressed in various segments of the kidney.’!” 
Furthermore, it has been demonstrated that insulin has a sig- 
nificant role in renal ammoniagenesis and renal NH,* excre- 
tion." NH,‘ secretion is mediated by the sodium-hydrogen 
exchanger NHE3.” This transporter activity is regulated by 
insulin and it participates in the transport or trapping of NH,* 
in the renal tubular lumen.” Therefore, it is plausible to sug- 
gest that renal insulin resistance may potentially influence 
NH,‘ excretion. Another possible mechanism is the substitu- 
tion of glutamine with circulating free fatty acids as a major 
fuel source of renal metabolism.” Circulating free fatty acids 
are known to increase with insulin resistance and, by the pro- 
cess of substrate competition, may reduce the proximal renal 
tubular cell utilization of glutamine, thereby reducing renal 
ammonia synthesis.’° 


15.6.5 Increased Endogenous Acid Production 


Under normal conditions in a steady state, net acid pro- 
duction equals net acid excretion (NAE). High NAE can 
occur as a result of increased endogenous organic acid 
production or due to dietary factors such as high dietary 
acid consumption or low dietary alkali intake.” A meta- 
bolic study under a constant diet has shown that NAE is 
higher in IUAN patients compared to control subjects.'° 
This study suggests that endogenous acid production is 
elevated in this population. Furthermore, another similar 
study determined that urinary NAE for any given level of 
urinary sulfate (a marker of acid intake) was higher in 
IUAN patients and also in T2DM subjects without kidney 
stones.’ From these studies one may infer that the 
pathophysiologic mechanisms accounting for increased 
NAE may be linked to obesity and insulin resistance. 
These results were consistent with findings from other 
related studies, which demonstrated a correlation between 
increased organic acid excretion, higher body weight, and 
higher body surface area.**“* To date, the nature of these 
putative organic anions remains unknown. From the above 
circumstances, one may speculate that defective NH,* 
excretion is the principle reason for the development of 
unduly acidic urine in IUAN. However, this defect alone is 
necessary but not sufficient for the development of persis- 
tently acidic urine. One can also speculate that high endog- 
enous acid production may exacerbate the acidic urine 
caused by impaired NH,* excretion. Moreover, a third 
mechanism involving a lack of inhibitors or the presence 
of promoters of UA stone formation may also participate 
in UA nephrolithiasis (Fig. 15.5). 
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Fig. 15.5 Pathogenesis of uric acid stone formation 


15.6.6 Role of Renal Lipotoxicity 


A tight balance between caloric intake and caloric utilization, 
under normal conditions, is conducive to triglyceride accumu- 
lation in adipocytes.” The disequilibrium in this tight regu- 
lation leads to tissue redistribution of triglycerides within 
parancheymal liver cells, cardiac myocytes, skeletal muscle 
cells, and pancreatic B(beta)-cells.”“* The extra-adipocyte 
tissue fat deposition is termed lipotoxicity.” This process has 
been associated with impaired insulin sensitivity,®’ cardiac 
abnormalities, and steatohepatitis.°°** This cellular injury 
has been attributed to the accumulation of nonesterified free 
fatty acids (NEFA) and their toxic byproducts, fatty acyl CoA, 
diacylglycerol, and ceramide.”*°*’ There has been growing 
evidence that renal lipotoxicity plays a pathogenetic role in 
the development of renal disease. A pathophysiologic link 
between obesity, the MS, and the development of chronic kid- 
ney disease has been suggested in several recent studies.””***° 
To date, there is insufficient data available to suggest whether 
renal fat accumulation actually occurs, whether renal lipotox- 
icity contributes to endogenous acid production, or whether 
renal lipotoxicity causes defective NH,* excretion (Fig. 15.5). 

Several interventions, including caloric restriction, bariat- 
ric surgery, intestinal lipase blocker, thiazolidinediones 
(TZD), Metformin, and a(alpha)-lipoic acid, have been sug- 
gested to reverse tissue lipotoxicity in various organs.®®!0 
TZD stimulates PPAR-y in adipocytes and facilitates adipo- 
cyte differentiation. As a result, it diminishes renal lipotoxic- 
ity by redistributing lipids to adipocytes.'°''” In humans, this 
intervention has been shown to reduce skeletal muscle and 
hepatic fat accumulation.”*’> Currently, a double-blind 
study using magnetic resonance spectroscopy in IUAN sub- 
jects is underway to determine the effects of treatment with 
pioglitazone in the reversal of biochemical abnormalities and 
renal fat content. Additionally, an experimental animal 
model, the Zucher Diabetic Fatty rat (ZDF), is a rodent model 


that shares phenotypic features of the MS'® and biochemical 
characteristics similar to IUAN including acidic urine pH, 
defective NH excretion, increased TA excretion, high renal 
triglyceride, and lower levels of brush border membrane 
NHE3 (a sodium-hydrogen exchanger that plays a principle 
role in ammonium excretion).®’ Another experimental rodent 
model, Sprague-Dawley rats, display a transient reduction of 
urinary NH,* excretion and pH following a high fat feeding. 
These abnormalities are resolved, however, upon feeding 
with a normal fat content diet.’ These findings suggest that 
renal fat accumulation may potentially affect renal NH,* 
excretion by reducing NHE3 activity. 


15.7 Conclusions 


The primary abnormality responsible for UA stone formation 
is unduly acidic urine as a result of defective NH,* excretion. 
However, in addition to this defect, IUAN subjects present a 
secondary defect in which they produce high amounts of 
endogenous organic acid. This abnormality further exagger- 
ates urinary acidity, increases the risk of UA precipitation, 
and consequently increases UA stone formation. Based on 
our current knowledge from both human and animal studies, 
one may speculate that renal steatosis from obesity and T2DM 
may impair the capacity of the kidney to excrete NH,"*. In 
addition, one may also speculate that fat deposition in multi- 
ple organs may lead to increased endogenous organic acid 
production. The combined effect of these conditions would 
lead to abnormally acidic urine, which increases the propen- 
sity for UA nephrolithiasis. Furthermore, the risk of UA stone 
formation may also be affected by the presence of urinary 
promoters and/or the absence of urinary inhibitors of UA 
crystallization. Our understanding of the pathogenic link 
between UA stone formation and the MS, and its connection 
to renal lipotoxicity, can potentially lead to the development 
of novel drugs to reverse the basic metabolic abnormalities 
and reduce the risk of stone formation. 
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Oxalate Metabolism and the Primary 
Hyperoxalurias 


Christopher J. Danpure 


Abstract The primary hyperoxalurias are a group of rare hereditary calcium oxalate kidney 
stone diseases, the best characterized of which are primary hyperoxaluria type 1 (PH1) and type 
2 (PH2). Deficiencies of alanine:glyoxylate aminotransferase (AGT) in PH1 and glyoxylate/ 
hydroxypyruvate reductase (GR/HPR) in PH2 lead to the increased synthesis and excretion 
of the metabolic end product, oxalate. Insoluble calcium oxalate crystallizes out in the kidney 
and urinary tract, leading to kidney dysfunction and eventually complete organ failure. More 
than 100 mutations have been found in PH1, but less than 20 in PH2. The crystal structures 
of both AGT and GR/HPR have been solved, enabling rationalization of the untoward effects 
of at least some of the mutations, as well as how in PH1 some of the mutations interact syner- 
gistically with the common Prol1Leu polymorphism. A wide variety of enzyme phenotypes 
are found in PH1, but perhaps the most spectacular is the unparalleled peroxisome-to-mito- 
chondrion AGT mistargeting caused by a combination of the Prol1Leu polymorphism and 
Gly170Arg mutation. Although remaining catalytically active in this location, mitochondrial 
AGT is metabolically ineffective. Classic stone treatments, such as hydration and crystalliza- 
tion inhibitors, are applicable to PH! and PH2. However, some treatments such as pyridoxine 
therapy and liver transplantation (enzyme replacement therapy) are restricted to PH1. 


endogenous (i.e., metabolic). However, even many of the 
endogenous metabolic sources of oxalate are indirectly 
dietary, insofar as they derive originally from dietary oxalate 
precursors. How much of the urinary oxalate is dietary or 
metabolic in origin is still a matter for conjecture. Estimates 
for a direct dietary origin of urinary oxalate have ranged from 
as little as 5% to as much as 50%, depending not only on the 
dietary composition, but also on the level of gastrointestinal 
integrity, renal function, and endogenous synthesis.' It is clear 
that dietary oxalate is not very efficiently absorbed, particu- 
larly when it is complexed with calcium. 

A wide range of metabolites can act as precursors of 
oxalate, including amino acids, such as glycine and hydroxy- 
proline, and carbohydrates and their derivatives, such as gly- 
colate. However, whatever the precursor, most are probably 
converted to oxalate via the glyoxylate metabolic bottleneck 
(see Fig. 16.1). 

The great majority of oxalate consumed in the diet arises 
from plant-based foodstuffs (http://www.ohf.org/docs/ 


16.1 Introduction 


In humans, oxalate is a metabolic end product of no known 
use. In fact, it can be detrimental to the health of complex 
physiological life forms due to the low solubility of its cal- 
cium salt. The solubility product of calcium oxalate (CaOx) 
is readily exceeded, leading to the formation of microscopic 
crystals that can aggregate into macroscopic agglomerations. 
As oxalate, once formed, can only be removed from the body 
to any significant extent by renal excretion, it is the kidney 
that frequently suffers the consequences of low CaOx solu- 
bility. In extreme circumstances, deposition of CaOx in the 
kidney can result in complete organ failure. 

Despite having been studied for many years, the sources of 
urinary oxalate are still not well established. Its origins can be 
conveniently divided into either exogenous (i.e., dietary) or 
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Hepatocyte 


Fig. 16.1 Some of the hepatocyte metabolic pathways important in 
primary hyperoxaluria.Enzymes: AGT alanine:glyoxylate aminotrans- 
ferase, DAO D-amino acid oxidase, GO glycolate oxidase, GR glyoxy- 
late reductase, HPR hydroxypyruvate reductase, LDH lactate 
dehydrogenase, SPT serine:pyruvate aminotransferase. AGT and SPT 
are the same enzyme, as are GR and HPR. AGT & SPT are deficient in 


product of photorespiration, are also found mainly in plants, 
whereas others, such as hydroxyproline, which is a major com- 
ponent of collagen, are found almost exclusively in animals. 

Because of the low solubility of CaOx, together with the 
high content of oxalate and its metabolic precursors in at least 
some foodstuffs, it is not surprising that the solubility product 
of CaOx is frequently exceeded. It is, therefore, equally 
unsurprising that CaOx kidney stones are common. Although 
the causes of “idiopathic” CaOx kidney stone disease are for the 
most part unknown, elevated urinary excretion of calcium 
(hypercalciuria) and oxalate (hyperoxaluria) are well-recognized 
risk factors. Whatever the causes are, they are likely to be 
multifactorial in nature, with both environmental and genetic 
components. On rare occasions, hyperoxaluria-associated 
CaOx kidney stone diseases have clearly established mono- 
genic origins. These are the primary hyperoxalurias. 


16.2 Primary Hyperoxaluria 


Primary hyperoxaluria (PH) is a collective term that encom- 
passes an unknown number of inherited disorders, of which 
only two are well characterized, namely primary hyperoxalu- 
ria type 1 (PH1, MIM259900) and primary hyperoxaluria type 
2 (PH2, MIM260000).''"'> There are other rather poorly char- 
acterized primary hyperoxalurias that are neither PH1 nor 


Urine 


PH1, and GR & HPR are deficient in PH2. Solid arrows, metabolic 
conversions; dashed arrows, membrane transport/diffusion. Although 
only the exodus of glyoxylate from the peroxisome is shown, it is 
likely that the peroxisomal membrane is permeable to most of the 
metabolites shown. Solid cross, deficiency in PH1; open cross, defi- 
ciency in PH2 


PH2, based on current diagnostic criteria; these are sometimes 
grouped together as “atypical” primary hyperoxaluria.* 


16.2.1 Pathophysiology 


Although PH1 and PH2 have different genetic causes (see 
Sect. 16.2.2), their pathophysiology is very similar. They are 
both characterized by marked increase in synthesis and uri- 
nary excretion of oxalate, and the deposition of insoluble 
CaOx in the kidney and urinary tract. Most, but not all, PH1 
and PH2 patients also have increased synthesis and urinary 
excretion of glycolate or L-glycerate, respectively. The pres- 
ence or absence of hyperglycolic aciduria or hyper-L-glyceric 
aciduria appears to be of no pathological consequence, as it is 
the oxalate that causes all the problems in both diseases due 
to the low solubility of CaOx (see previous). CaOx deposition 
can take a number of different forms—stones/calculi in the 
kidney (nephrolithiasis) or urinary tract (urolithiasis), or as 
more diffuse crystalline deposits in the renal parenchyma 
(nephrocalcinosis). 


‘It has recently been found that one form of atypical primary hyperoxa- 
luria, now called primary hyperoxaluria type 3, is due to mutations in the 
gene encoding the mitochondrial enzyme 4-hydroxy-2-oxoglutarate 
aldolase (Belototsky R et al, Am J Hum Genet. 2010; 87, 1-8. 
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The severity of PH1 and PH2, as manifested by age of 
onset, rate of progression, and response to different forms of 
treatment (see Sect. 16.2.4), is highly variable. Although 
most patients experience their first symptoms, often renal 
colic or haematuria, in early childhood, they can occur from 
as early as the first few months of life to as late as the fifth or 
sixth decade. Although there is not a clear-cut distinction, 
the infantile form of PH1, in particular, tends to be character- 
ized by nephrocalcinosis and a rapid rate of progression, 
whereas the later onset childhood form is more likely to be 
characterized by nephro/urolithiasis and a slower rate of pro- 
gression. In most cases, patients with PH1 will succumb 
eventually to chronic kidney failure, after which the increased 
synthesis of oxalate is exacerbated by the failure to remove 
it, leading to the deposition of CaOx throughout the body 
(systemic oxalosis). Although PH2 is generally thought to be 
a somewhat milder disease than PH1, kidney failure in PH2 
can still be the long-term consequence of CaOx deposition. 


16.2.2 Molecular Etiology 


16.2.2.1 Enzyme and Metabolic Defects 


Despite the similar pathophysiology of PH1 and PH2, they 
have completely different causes. PH1 is caused by a defi- 
ciency of the enzyme alanine:glyoxylate aminotransferase 
(AGT, EC 2.6.1.44),'°'’ whereas PH2 is caused by a deficiency 
of the enzyme glyoxylate reductase (GR, EC 1.1.1.26).'* AGT 
is a liver-specific pyridoxal phosphate (PLP)-dependent 
enzyme located in hepatocyte peroxisomes” (http://symat- 
las.gnf.org/SymAtlas/symquery?q=AGXT). Although GR is 
more widely distributed than AGT, it has greatest activity in 
the liver hepatocytes, where it is located mainly in the cytosol 
but in a small amount in the mitochondria’??? (http://symat- 
las.gnf.org/SymAtlas/symquery?q=GRHPR). 

AGT is a homodimeric enzyme of ~86 kDa, which cata- 
lyzes the transamination of glyoxylate to glycine, using ala- 
nine as the amino donor. The failure of this reaction in PH1 
allows glyoxylate to diffuse through the peroxisomal mem- 
brane into the cytosol where it is oxidized to oxalate, cata- 
lyzed by LDH, and reduced to glycolate, catalyzed by GR 
(Fig. 16.1). AGT also catalyzes the transamination of pyru- 
vate to alanine, using serine as the amino donor. The defi- 
ciency of this reaction has no obvious clinical implications in 
PH1, but nevertheless has resulted in some confusion having 
given rise to an alternative name for AGT (i.e., serine:pyruvate 
aminotransferase, SPT). 

GR is a homodimeric enzyme of ~73 kDa, which catalyzes 
the reduction of glyoxylate to glycolate using either NADPH 
or NADH. Similar to the situation in PH1, the absence of GR 
in PH2 allows the glyoxylate to be oxidized to oxalate, again 
catalyzed by cytosolic LDH (Fig. 16.1). GR also catalyzes 


another reaction, namely the reduction of hydroxypyruvate to 
D-glycerate. Again this reaction is of no pathophysiological 
significance in PH2, except that the resulting increased syn- 
thesis of L-glycerate, caused by the reduction of the hydroxy- 
pyruvate catalyzed by LDH, can be used in some patients to 
support a differential diagnosis of PH2. This dual action of 
GR leads many authors to call the enzyme glyoxylate 
reductase/hydroxypyruvate reductase (GR/HPR). 


16.2.2.2 Crystal Structures of AGT and GR/HPR 


Understanding the mechanistic basis of the normal function- 
ing of AGT and GR/HPR, and how it goes wrong in PH1 and 
PH2, respectively, has been greatly enhanced by the solution 
of their crystal structures. 

The crystal structure of normal human AGT (PDB: 
1HOC)** shows it to have a similar overall architecture to 
other PLP-dependent transferases. It crystallizes as an inti- 
mate dimer (Fig. 16.2), each subunit of which can be divided 
into two main structural domains: a larger N-terminal domain 
of 282 amino acids that contains most of the active site and 
most of the dimerization interface, and a small C-terminal 
domain of 110 amino acids that contains the atypical 
C-terminal type 1 peroxisomal-targeting sequence (PTS1)* 
and an internal ancillary peroxisomal-targeting sequence 
(PTS1A).” The first 20 or so amino acids of the N-terminal 
domain make up an N-terminal extension that wraps over the 
surface of the opposing subunit. The large dimerization inter- 
face explains the high stability of dimeric AGT. Although it 
has been suggested that the unusual N-terminal extension 
might play a role in the dimerization process, it is unlikely to 
contribute much to the overall stability of the dimer once 
formed. Confirming previous biochemical studies,’ the 
crystal structure shows that each subunit contains one func- 
tionally independent PLP biding site on Lys209. 

The crystal structure of GR/HPR (PDB: 2GCG)” includes 
views of both the ternary (enzyme-NADPH-reduced sub- 
strate) and binary (enzyme-NADPH) complexes. Although 
this has been less useful in terms of rationalizing the effects 
of mutations than has the crystal structure of AGT (see 
Sect. 16.2.2.4), it has provided significant insights into its 
rather unusual substrate specificity. For example, it explains 
why, although GR/HPR is a typical D-2-hydroxyacid dehy- 
drogenase, it can use glyoxylate and hydroxypyruvate as 
substrates, but not the closely related pyruvate. 


16.2.2.3 Genes, Mutations, and Polymorphisms 


The gene encoding AGT (i.e., AGXT) is located on chromo- 
some 2q37.3 and consists of 11 exons spanning ~10 kb.” 
The open reading frame encodes a polypeptide of 392 amino 
acids.*' The gene encoding GR/HPR (i.e., GRHPR) is located 
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Fig. 16.2 Crystal structure 

of normal human AGT 

(PDB 1HOC). Yellow, pyridoxal 
phosphate; blue, the locations of 
the residue 11 and 340 polymor- 
phisms described in text; red, the 
locations of the residue 41, 82, 
170, 205, and 244 mutations 
described in text. The N-terminal 
extensions, which form the 
polymorphic MTSs, are 
indicated. The PTS1s are located 
at the C-termini (Ca[alpha] and 
CB[beta]) 


N-terminal extension 
(polymorphic MTS) 
of a subunit 


Cp 


in the pericentromeric region of chromosome 9 and consists 
of 9 exons spanning ~9 kb.”-* The open reading frame of 
GRHPR encodes a polypeptide of 328 amino acids. 

Two important polymorphic variants of AGXT have been 
identified called the “major” and “minor” alleles, with allelic 
frequencies in European and North American populations of 
80-85% and 15-20%, respectively.” The minor AGXT 
allele differs from the major allele in three respects: (1) a 
C32>T base change that leads to a Prol|Leu amino acid 
replacement, (2) a A1020>G base change that leads to a 
Tle340Met amino acid replacement, and (3) a 74bp duplica- 
tion in intron 1.” In addition, the frequencies of an intron 4 
VNTR vary between the major and minor alleles.” Of all 
these differences, the only one known to have any significant 
effects on the properties of AGT is the Prol 1Leu amino acid 
replacement (see Sect. 16.2.2.4). 

About one hundred mutations have been found so far in 
the AGXT gene, including a wide variety of missense and 
nonsense mutations, small and large insertions and deletions, 
and splice-site mutations (for a review of some of them 
see”). Most mutations in AGXT are family specific, or fairly 
rare, but a few are quite common. By far the most common, 
at least in European and North American populations is a 
G508>A base change, which causes a Gly170Arg amino 
acid replacement® (Table 16.1). This has an allelic frequency 
of ~30% in PH1 patients. This is followed by a small frame- 
shifting insertion (33-34 insC) (~12%)*” and a T731>C base 
change that results in a He244Thr amino acid replacement 


N-terminal extension 
(polymorphic MTS) 


(~9%)."' The minor allele, in particular the Prol 1Leu poly- 
morphism, is much more common in PH! than in the normal 
population with an allelic frequency of ~50%.” This is a 
consequence of the fact that many of the mutations in AGT in 
PH1, including some of the most common (e.g., Gly170Arg 
and Ile244Thr), segregate with the minor allele. 

Most of the PH1 patients analyzed to date have come 
from European and North American backgrounds. Therefore, 
there is no reason to believe that the allelic frequencies of 
mutations and polymorphisms previously indicated would 
necessarily apply across the globe. In fact, there is strong 
evidence that the frequencies are very different in different 
genetic populations.*** A good example of this is the 
founder-effect dominance of the Ile244Thr mutation in the 
Canary Islands.“ 

Far fewer mutations have been identified in the GRHPR 
gene, simply due to the smaller number of patients analyzed. "° 
Therefore, it is impossible to draw any sensible conclusions 
about relative frequencies, either globally or in specific 
populations. 


16.2.2.4 Relationships Between Genotype 
and Enzyme Phenotype in PH1 


Many of the missense mutations in AGT are associated with 
very specific enzyme phenotypes. In addition, many of those 
that segregate with the minor allele functionally interact with 
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Table 16.1 Some of the better-studied missense mutations and polymorphisms, and their effects on the properties of AGT 


Allelic 
frequency 
in PH1 
patients! 


Amino acid 
replacement 


Overt enzyme phenotype 
(normal = +++) 


Immunore- 
activity 


Catalytic 
activity 


On the background 
of the major alleles 


Effect on the properties of AGT 


On the background of the minor allele” 


Prol1Leu* 50% +++ +4+ === Delays dimerization, decreases catalytic activity, 
redirects 5-10% to mitochondria, sensitizes AGT 
to the effects of many PH1-specific mutations 

Gly41 Arg” <1% = È Markedly decrease catalytic Abolishes catalytic activity, aggregates into 

activity intraperoxisomal cores 

Gly82Glu° <1% = T Interferes with PLP binding & | Unknown’ 

abolishes catalytic activity 

Gly170Arg* 30% Tae tar None known Inhibition of dimerisation, redirects 90-95% to 
mitochondria 

Ser205Pro* <1% = = Accelerated degradation Unknown' 

Ile244Thr° 9% E È None known Aggregation and accelerated degradation 

Tle340Met* 50% aE AHE -= None 


“Components of the normal minor allele 
‘Found on both the major and minor alleles 
‘Found only on the major allele 

‘Found only on the minor allele 

‘Found mainly on the minor allele 


‘Approximate allelic frequency in European and North American PH1 patients 


*Residue 11 = Pro 
"Residue 11 = Leu 
‘Probably the same effect as on the major allele 


the Prol1Leu polymorphism.” ^ Some of the better-studied 
enzymatic consequences of amino acid replacements in AGT 
are described as follows. 

ProllLeu — The normal Prol1Leu replacement charac- 
teristic of the minor allele is remarkable because, unlike 
most other polymorphisms in most other genes that tend to 
be neutral, it has significant effects on the properties of 
AGT. Not only does it sensitize AGT to the untoward effects 
of many mutations, such as Gly170Arg, Ile244Thr and 
Gly41Arg (see below), but also in a number of cases, it has 
more of an effect than does the mutation. For example, 
Prol1Leu on its own interferes with AGT dimerization, par- 
ticularly at high temperatures. It decreases specific catalytic 
activity of purified recombinant AGT by two-thirds.” And 
finally, when expressed homozygously, it redirects 5-10% 
of the enzyme away from the peroxisomes toward the mito- 
chondria in human hepatocytes in situ. The ProllLeu 
replacement generates an N-terminal mitochondrial target- 
ing sequence (MTS), partly because it replaces a helix- 
breaking amino acid with a helix-forming one.**“° This 
makes it more likely that the N-terminus of AGT might fold 
into a a(alpha)-helical conformation, compatible with the 
optimal requirements for an MTS, in the right intracellular 
environment. Also, the newly generated Leu-X-X-Leu-Leu 
motif matches more closely with the optimum consensus 


motif for interaction with the mitochondrial import receptor 
TOM20.*"“8 Although the Prol 1Leu-generated MTS is very 
effective when attached to reporter proteins, such as green 
fluorescent protein, it is functionally weak when attached to 
AGT.” This is demonstrated by its ability to target only a 
small proportion of AGT to mitochondria, even when the 
PTS1 is removed. Residue 11 sits right in the middle to the 
N-terminal extension” (see Fig. 16.2). Even though the 
polymorphic N-terminal 20 amino acids have the potential 
to form an MTS and target AGT to mitochondria, they are 
prevented from doing so efficiently, probably because the 
N-terminus is trapped by binding to the surface of the oppos- 
ing subunit. This would make it unavailable for interaction 
with TOM20. In addition, even polymorphic AGT rapidly 
dimerizes into a stable conformation not compatible with 
mitochondrial import. Rapid, almost irreversible, dimeriza- 
tion does not interfere with the peroxisomal import of AGT 
because these organelles can take up fully folded, multi- 
merized, cofactor-bound proteins.*’*! On the other hand, the 
mitochondrial import machinery can only deal with 
unfolded, or loosely folded polypeptides.**** 

Gly170Arg — Because of its high frequency in PH1, it is 
not surprising that Gly170Arg was the first disease-specific 
mutation to be identified in PH1.*° However, what was sur- 
prising was the finding that patients homozygous for 
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Gly170Arg + Prol1Leu were only relatively mildly depleted 
in AGT catalytic activity and immunoreactivity. Typically, 
such patients have 10-30% of the normal levels, but it can 
go as high as 72%.* This would not in itself be enough to 
explain the disease, particularly as some asymptomatic carri- 
ers can have AGT levels as low as 21% of the mean normal 
level.‘ Instead, PH1 in these patients is due to an unparal- 
leled protein trafficking defect in which normally peroxi- 
somal AGT is mistargeted to the mitochondria.” Mistargeted 
AGT remains catalytically active in the mitochondria but is 
metabolically inefficient, presumably because the majority 
of its substrate (i.e., glyoxylate) is synthesized in the peroxi- 
somes rather than the mitochondria (see Fig. 16.1). Various 
in vitro biochemical experiments indicate that the contribution 
of the Pro! 1Leu replacement to the overall AGT trafficking 
defect is much greater than that of the Gly170Arg replace- 
ment, so much so that the latter appears to be completely 
innocuous in the absence of the former, at least in vitro.” The 
Gly170Arg replacement provides no further mitochondrial 
targeting information beyond that provided by the Prol1Leu 
polymorphism. In addition, it does not directly interfere with 
peroxisomal targeting. The increased functional efficiency of 
the polymorphic MTS, due to the extra presence of 
Gly170Arg, seems to be related to their combined effect on 
AGT dimerization, the rate of which is markedly decreased, 
even at normal temperatures.*° 

The exact effect of the Gly170Arg replacement is unclear. 
On its own, it has a relatively small effect on the structure of 
AGT (see PDB 1J04). It does not obviously affect folding or 
dimerization. However, it does interact synergistically with 
the Prol1Leu polymorphism to inhibit dimerization. One 
possible explanation for this is that the two replacements 
together decrease the affinity with which the N-terminal 
extension binds to the surface of the opposing subunit, with 
Prol1Leu altering the conformation of the extension and 
Gly170Arg disrupting the surface binding sites.” This “dou- 
ble whammy” would effectively prevent the N-terminal 
extension from binding, with the dual effect of exposing the 
MTS and inhibiting dimerization, both of which would 
encourage mitochondrial import. 

Tle244Thr — Ile244Thr is the second most common mis- 
sense mutation in PH1.* Like Gly170Arg, it too segregates 
with the minor allele and functionally interacts with the 
Prol1lLeu polymorphism. Unlike Gly170Arg, however, it 
has been found, albeit rarely, on the background of the major 
allele.“ When expressed in eukaryotic or prokaryotic expres- 
sion systems, AGT containing Ile244Thr + ProllLeu is 
unstable and readily aggregates.“ In the livers of PH1 
patients, it is associated with a complete loss or low levels of 
AGT catalytic activity and immunoreactivity. 

Analysis of the crystal structure of AGT (see Fig. 16.2) 
suggests that the replacement of Ile244 by Thr would only 
generate a small defect in helix packing. However, it might 


indirectly affect the inter-subunit binding of the N-terminal 
clamp, as suggested for Gly170Arg. This could destabilize 
AGT enough to aggregate and be rapidly degraded. 

Gly41Arg — Gly41 Arg is a rare mutation associated with 
complete loss of AGT catalytic activity and marked reduc- 
tion of AGT immunoreactivity. Gly41 Arg has been found in 
three compound heterozygote patients on the background on 
the minor AGXT allele.” In addition, there has been at least 
one case reported in the literature of this mutation being 
present in the homozygous state on the background of the 
major AGXT allele.“° At least in the former situation, 
Gly41Arg results in the aggregation of AGT into core-like 
structures in the peroxisomal matrix. When expressed in 
E. coli, AGT containing both mutation and the Prol1Leu 
polymorphism aggregates into inclusion bodies. However, 
when expressed with the mutation alone, the protein is par- 
tially soluble, although its specific catalytic activity is markedly 
reduced.” This partial functional linkage between Gly41Arg 
and Prol1Leu is compatible with the findings, admittedly in 
a very small number of cases, that patients with Gly41 Arg 
alone are more mildly affected than those in which both 
Gly41Arg and Prol | Leu are present. 

Analysis of the crystal structure of AGT shows that 
Gly4Isits right in the middle of the dimerization interface 
and interacts with its counterpart in the other subunit (see 
Fig. 16.2). Replacement of the smallest amino acid (i.e., Gly) 
with one of the largest (i.e., Arg) amino acid would prevent 
the formation of the interface and prevent dimerization. This 
would inevitably destabilize AGT, leading to its aggregation 
and accelerated degradation. This again fits exactly with the 
enzymatic phenotype associated with the Gly41Arg muta- 
tion (i.e., loss of catalytic activity, very low immunoreactiv- 
ity, and intraperoxisomal aggregation). 

GlyS2Glu — Unlike the previous mutations, Gly82Glu seg- 
regates with the major, rather than minor, allele." It is associ- 
ated with complete loss of AGT catalytic activity, but normal 
levels of peroxisomal AGT immunoreactivity.'”'? Purified 
recombinant AGT containing Gly82Glu is perfectly stable 
and correctly targeted, but it fails to bind the cofactor PLP, 
thereby explaining its loss of activity.” However, recent work 
has shown that, although PLP binding is greatly reduced, the 
main effect of Gly82Glu is to prevent the efficient transaldi- 
mination of the PLP form of the enzyme as well as the effi- 
cient conversion of AGT-PMP into AGT-PLP.* 

The crystal structure of AGT shows that Gly82 is situated 
right in the middle of the catalytic site where it makes hydro- 
gen bond contact with the cofactor. Its replacement by the 
much larger amino acid Glu would certainly be expected to 
interfere with PLP and PMP binding, as well as interfering 
with transaldimination, etc. 

Ser205Pro — Ser205Pro is a rare mutation identified in 
Japanese PH1 patients.” It has also been found only on the 
major allele. AGT containing Ser205Pro is highly unstable 
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and prematurely degraded,“ a finding that is compatible with 
the absence of both AGT immunoreactivity and catalytic 
activity in homozygous PH1 patients. The crystal structure 
(see Fig. 16.2) shows that the replacement of Ser205 by Pro 
would necessitate a large conformational change in the back- 
bone of one of the B(beta)-strands of AGT that would com- 
pletely disrupt the main chain hydrogen bonding of the 
central B(beta)-sheet. This would disrupt AGT folding and 
lead to accelerated degradation. 

Other mutations — Most of the other missense mutations 
found in PH1 have not be studied in as much detail as those 
previously described. Nevertheless, it seems that the highly 
significant contribution made by the ProllLeu polymor- 
phism to the disease process is widespread. For example, a 
recent study analyzed the catalytic activities of 13 different 
recombinant AGTs, each containing a different newly dis- 
covered missense mutation.“ Out of the eight AGTs contain- 
ing mutations associated with the minor allele, six had much 
lower catalytic activities when expressed on the minor com- 
pared to the major allele. However, in none of the AGTs con- 
taining the five missense mutations associated with the major 
allele did the background allele make any difference. 


16.2.2.5 Relationships Between Genotype 
and Clinical Phenotype in PH1 


Although the relationship between genotype and enzyme 
phenotype in PH1 is in many cases well understood, the 
same cannot be said of the relationship between genotype 
and clinical phenotype. Patients with identical mutations can 
have completely different disease characteristics, as mani- 
fested by severity and rate of progression.” Notwithstanding 
this, there is a tendency for patients with the Gly170Arg 
mutation (and of course the ProllLeu polymorphism) to 
have a milder disease on average than other PH1 patients. 
However, this might simply be due to the fact that these 
patients are more likely to be pyridoxine responsive (see 
Sect. 16.2.4). Although PH1 is clearly a monogenic disease, 
its clinical phenotype is presumably influenced by other fac- 
tors, probably both genetic and environmental. 


16.2.3 Diagnosis 


Prior to the discovery of the enzyme defects, formal diagno- 
sis of PH1 and PH2 was dependent on the presence of con- 
comitant hyperoxaluria and hyperglycolic aciduria, in the 
case of PH1, or hyperoxaluria and hyper-L-glyceric aciduria, 
in the case of PH2.'* This caused problems for two main rea- 
sons. Firstly, urinary metabolite analysis is rendered mean- 
ingless with approaching renal failure. Secondly, not all PH1 
and PH2 patients, respectively, have elevated excretion of 


glycolate® or L-glycerate.™ In fact, not all patients with con- 
comitant hyperoxaluria and hyperglycolic aciduria turn out 
to have PH1.® Diagnosis based on isolated hyperoxaluria 
requires more detailed clinical analysis of the extent and 
nature of the CaOx deposition, as well as exclusion of other 
causes for the elevated oxalate excretion, such as enteric 
hyperabsorption. Knowing that AGT and GR/HPR dysfunc- 
tion are responsible for PH has enabled much better diagnos- 
tic procedures to be introduced. Enzyme analysis of samples 
obtained by liver biopsy can diagnose all forms of PH1°°*’ 
and PH2** ® currently recognized, irrespective of the state of 
kidney function. Recently, it has even been shown that PH2 
can be diagnosed by measuring GR/HPR activity in peripheral 
blood leukocytes.” 

In families already known to carry PH1 or PH2, and in 
whom the disease-causing mutations are known, disease in 
further family members can more often than not also be 
diagnosed by mutational analysis of DNA isolated from 
peripheral blood leukocytes. Recently, it has been estimated 
that, even without prior family information, complete gene 
sequencing, or limited exon-specific sequencing, is a practi- 
cal proposition for PH1 diagnosis.*°""°”! 

Prenatal diagnosis of PH1 was first carried out success- 
fully in the late 1980s by AGT assay following fetal liver 
biopsy in the second trimester.” Although this procedure 
had the potential to identify all forms of PH1, it has now 
been supplanted by DNA (mutation and/or linkage) analysis 
in the first trimester.”* 


16.2.4 Treatment 


The classic treatments for PH1 and PH2 are similar to those 
of other CaOx kidney stone diseases, such as good hydration 
while kidney function is good, and the use of CaOx crystal- 
lization inhibitors, such as citrate and magnesium salts'*!° 
(see Fig. 16.3). Following kidney failure, patients have to 
be dialyzed and, when available, the kidney has to be 
transplanted. Neither of these are long-term solutions. 
Unfortunately, the inefficiency of dialysis means that the 
problems associated with excessive oxalate synthesis are 
exacerbated by the failure of its efficient removal.” This can 
lead to the deposition of CaOx throughout the body. Although 
under the right circumstances, the transplanted kidney can 
last several years, it will inevitably succumb to CaOx deposi- 
tion as did the original kidney. This is because the basic 
defect is not in the kidney, but in the liver (particularly in the 
case of PH1). 

It has been known for many years that a proportion of 
PH1, but not PH2, patients responds well to the administra- 
tion of pharmacological doses of pyridoxine (vitamin B6)”° 
(see Fig. 16.3). Pyridoxine is metabolized to PLP, 
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Fig. 16.3 Current treatments for PH and potential treatments for the 
future. The color coding is as follows: pink — those treatments applicable 
only to PH1; cyan — only PH2; green — both PH1 and PH2; mauve — 
mainly PH1 but possibly also PH2. Solid large arrows — causal pathways 
in the molecular etiology and pathophysiology of PH; solid small arrows 
— treatments currently used in PH; dashed small arrows — potential 


the essential cofactor for AGT. Although it is likely that the 
latter fact explains the efficacy of pyridoxine in some patients, 
the exact mechanism is unclear. It has been known since the 
early 1990s that the success of pyridoxine was related to the 
presence of residual levels of AGT catalytic activity and 
immunoreactivity.” Significant residual AGT is mainly 
found in PH1 patients in whom the enzyme is mistargeted 
from the peroxisomes to the mitochondria. The association 
between AGT mistargeting and pyridoxine responsiveness 
has been more formally established recently due to the find- 
ing that the latter is related to the presence of the Gly170Arg 
mutation.” Why these patients in particular should be 
responsive is unclear. However, it may be related to increased 
AGT stability, correction of AGT compartmentalization, or 
increased transport of pyridoxine/pyridoxal phosphate into 
the mitochondria, thereby shifting the equilibrium from the 
inactive apoenzyme to the active holoenzyme. There are also 
reports that patients expressing other mutations, such as 
Phel52Ile, are also pyridoxine responsive.” Interestingly, 
like Gly170Arg, Phe152Ile also segregates on the minor 
allele and has been implicated in partial mistargeting of AGT 
to the mitochondria.’ 

The discovery that PH1 was caused by a deficiency of 
AGT, and that AGT was expressed mainly in hepatocytes, 
opened up the possibility that liver transplantation could be 
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treatments of the future. Asterisks — * potential treatments (discussed in 
Sect. 16.2.5), chemical chaperones will have to be enzyme specific or 
even mutation specific; ** hepatocyte transplantation is equivalent to 
liver transplantation; *** O. formigenes would work similarly to dietary 
restriction, except that it might have a direct effect on the mucosal 
oxalate exporter 


used as a rather specialized form of enzyme replacement 
therapy (ERT) (see Fig. 16.3). In this context, liver 
transplantation is an almost perfect form of ERT because it 
can supply the body’s total requirement for AGT in the cor- 
rect cell (hepatocyte), the correct subcellular location (per- 
oxisomes), and in the correct relationship with its substrate 
(glyoxylate).*° Several hundred liver transplantations have 
been carried out for PH! worldwide.*'** Because most PH1 
patients receiving liver transplants are suffering from renal 
failure, more often than not the kidneys are transplanted as 
well. Although it is clear that liver transplantation can pro- 
vide a “cure” for PH1, at least in metabolic terms, it can take 
a long time for this cure to be realized, especially in terms of 
urinary oxalate excretion. This is thought to be due to the 
remobilization of CaOx deposited throughout the body, par- 
ticularly the bones, during periods of compromised renal 
function and extended periods of dialysis. 

Although liver transplantation in PH! can be more readily 
understood as a specialized form of ERT, it might better be 
considered as a rather specialized form of gene therapy. The 
long-term success of the procedure results not from the AGT 
enzyme reintroduced with the transplanted liver, which will 
be turned over with a half life of 1-3 days, but rather from 
the introduction of a normal AGXT gene, which will con- 
tinue to produce normal AGT hopefully for years. 
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16.2.5 Treatments of the Future? 


The importance attached to the design of new strategies for 
the treatment of PH was clearly demonstrated at the 8th 
International Primary Hyperoxaluria Workshop held in June 
2007 at the Institute of Child Health, University College 
London.* Half of the meeting was devoted to this area of 
research. Three main topics were covered: chemical chaper- 
ones, hepatocyte transplantation, and Oxalobacter formigenes 
(see Fig. 16.3). 


16.2.5.1 Chemical Chaperones 


The realization that most missense mutations in protein- 
encoding genes cause their effects by destabilizing the gene 
product has led to a completely new way of thinking about 
the treatment of genetic diseases by pharmacological means.*° 
If a mutant protein could be stabilized, by a chemical or 
pharmacological chaperone for example, then the function of 
that protein, albeit still containing the mutation, should be 
able to be restored. Proof of principle that this can work in 
PH1 has been demonstrated in transfected tissue culture cell 
lines using nonspecific protein-stabilizing agents for two of 
the most common missense mutations. Thus, lowering the 
temperature or the addition of glycerol can completely nor- 
malize the targeting of AGT containing Gly170Arg + 
Prol1Leu,*’ whereas betaine and a number of other small 
molecules can protect AGT containing Ile244The + Prol 1Leu 
from aggregation and proteolysis.“ 


16.2.5.2 Hepatocyte Transplantation 


Whether it is a specialized form of ERT or gene therapy (see 
previous), liver transplantation has the potential to cure PH1, 
at least at the metabolic level. However, it is far from ideal 
because of the expense of the procedure, the scarcity of the 
organs, the significant acute morbidity, and the possible 
adverse consequences of long-term immunosuppression. 
Partial liver transplantation from a living related donor might 
be able to get over some of these problems, but is strongly 
discouraged because of the interfering negative effect of the 
diseased liver remaining in situ.® Hepatocyte transplantation 
could offer a solution, especially if the transplanted cells were 
obtained from the patient’s own liver and then virally trans- 
duced ex vivo to express normal AGT.**°° Notwithstanding 
any worries about the safety of the adenoviral vectors etc., 
this approach has great potential as long as the AGT-expressing 
transduced hepatocytes are given a proliferative advantage 
over the patient’s nontransduced AGT-negative cells. Any 
remaining AGT-negative hepatocytes would continue the disease 


process due to the continued excessive production of oxalate, 
exactly as would happen after partial liver transplantation. 


16.2.5.3 Oxalobacter Formigenes 


Oxalobacter formigenes is an anaerobic enteric bacterium 
that requires oxalate as its sole nutritional carbon source. It is 
found in the guts of a wide range of mammals, including 
humans.”'”* Not all people are colonized and the determi- 
nants of colonization are not understood. It has been pro- 
posed that the presence of O. formigenes is a good thing 
insofar as it should lower the gut oxalate levels and therefore 
diminish oxalate uptake from the diet.” Whether this actually 
decreases the corporeal load of oxalate is unclear and pre- 
sumably depends on how much is in the diet, what form it is in 
(i.e., whether it is complexed with calcium), and how much 
oxalate is actually transported across the mucosal wall into 
the body. It has been suggested that O. formigenes might be 
a possible treatment for PH,” despite the fact that only a small 
proportion of urinary oxalate in PH patients actually comes 
directly from the diet. Logic would indicate that O. formi- 
genes colonization could not have any significant effect on 
urinary oxalate excretion in PH were it not for a recent excit- 
ing observation that there may be a transporter in the gut wall 
that can actually excrete oxalate from the body back into the 
intestine.” It has always been assumed that almost all the 
body’s oxalate was removed by renal excretion, but it is possible 
that the gut might provide another route of disposal, particularly 
in the terminal phases of PH during which renal function can 
markedly deteriorate. There is still the problem, however, of 
how decreasing intestinal oxalate could have any major effect 
on its excretion from the body into the gut. This potential prob- 
lem has been countered by another suggestion, as yet unproven, 
that O. formigenes might adhere to the mucosal wall and inter- 
act with the mucosal oxalate transporter directly.” 


16.3 Conclusions 


Although the past twenty years have seen enormous 
increases in our understanding of the molecular etiology 
and pathophysiology of PH, there remain a number of sig- 
nificant gaps in our knowledge. One of the unknowns is the 
molecular basis of atypical PH. Although a number of theo- 
ries have been advanced about its causes, they still remain 
speculative.””” There is currently no reason to believe that it 
is a single entity at all. Because it is defined negatively, 
atypical PH could be a collection of different diseases. 
Another possibility is that it could be a metabolic “disorder 
of normality.” For example, there may be a number of key 
enzyme activities that are within, but at the extreme ends of, 
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their normal ranges. For example, the rate of oxalate 
synthesis and excretion in an individual with AGT and GR 
activities at the bottom of, but within, the normal range, and 
GO activity at the top of, but within, the normal range might 
be expected to be significantly higher than an individual 
with activities in the middle of the normal ranges, or even 
more so than someone with activities at the opposite ends of 
the ranges. 

At first glance, there may appear to be more differences 
than similarities between PH and idiopathic CaOx kidney 
stone disease. For example, PH is a group of rare mono- 
genic diseases, in most cases with well-established molecu- 
lar etiologies, and, in the absence of disease-specific 
therapies, potentially life threatening. Idiopathic CaOx 
stone disease, on the other hand, is a group of common, 
multifactorial diseases, with poorly understood molecular 
etiologies, and usually not life threatening. However, the 
one very important thing they have in common is the risk 
associated with elevated urinary oxalate excretion. PH! and 
PH2 demonstrate clearly that AGT and GR/HPR are two of 
the most important enzymatic determinants of endogenous 
oxalate synthesis and excretion. So what are the chances 
that one or other of these enzymes might be involved in 
idiopathic CaOx stone disease? This is really a rhetorical 
question because we do not know the answer. Nevertheless, 
the important role of the ProllLeu polymorphism in the 
molecular etiology of PH1 (see Sect. 16.2.2.4), and its high 
frequency in some “normal” populations, might suggest 
that it has a role in human disease outside the confines of 
PH. Studies on the evolution of AGT intracellular traffick- 
ing” have demonstrated that the relationship between diet 
and AGT compartmentalization is an important one. As far 
as humans are concerned, it has been suggested that the 
presence of the ProllLeu polymorphism might be an 
advantage if the diet contains a lot of meat, but a disadvan- 
tage if it does not. Population studies on its frequency give 
circumstantial support for such an idea.* The most likely 
consequence of inappropriate AGT distribution or reduced 
catalytic activity would be hyperoxlauria and CaOx kidney 
stones. Whether there is any substance in the speculation that 
the Prol1Leu polymorphism might contribute to the patho- 
physiological spectrum of idiopathic CaOx stone disease 
remains to be seen. 
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Cystinuria and Cystine Stones 


Patrick Krombach, Gunnar Wendt-Nordahl, and Thomas Knoll 


Abstract Cystinuria is responsible for up to 2% of all renal stones, and up to 10% of child- 
hood stone disease. Patients affected by this inherited disease suffer from recurrent stone for- 
mation, leading to repeated surgical/endoscopic interventions, consecutive renal impairment, 
and, consequently, a significant impairment of life quality. The responsible genes causing 
cystinuria were first described in 1994. Unfortunately, the rarity of the disease accounts for the 
absence of large clinical series. The establishment of the International Cystinuria Consortium 
attempts to combine small single-center series, which already has led to a better genetic under- 
standing and a recently revised classification. 


17.1 Introduction 


Cystinuria is responsible for up to 2% of all renal stones, and 
up to 10% of childhood stone disease.' Patients affected by 
this inherited disease suffer from recurrent stone formation, 
leading to repeated surgical/endoscopic interventions, con- 
secutive renal impairment, and, consequently, a significant 
impairment of life quality. The responsible genes causing 
cystinuria were first described in 1994.73 

Unfortunately, the rarity of the disease accounts for the 
absence of large clinical series. An attempt to combine small 
single center series was the establishment of the International 
Cystinuria Consortium, which already has led to a better 
genetic understanding and a recently revised classification." 


17.2 Epidemiology 


The prevalence of cystinuria is regionally variable 
(Table 17.1). Since regular screening programs are very rare, 
all numbers are approximate. Some of the data was derived 
from routine newborn urine screening. However, since matu- 
ration of SLC3A1 gene expression between mid-gestation 
and 4.5 years postnatal age may account for transient 
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neonatal cystinuria,™ such newborn screenings may have 
resulted in false high incidences. 


17.3 Pathophysiology and Classification 


17.3.1 Pathophysiology 


Cystinuria is an autosomal-recessive genetic disorder with a 
complex pattern of inheritance. Two genes, each one coding for 
a subunit of a heterodimeric amino acid transporter situated at 
the brush border of the proximal tubule and in the gastrointesti- 
nal tract, are proven to be implicated: SLC3A1 situated on chro- 
mosome 2 (gene loci 2p16.3) codes for the heavy rBAT subunit. 
SLC7A9 situated on chromosome 19 (gene loci 19q12-13) 
codes for the light b0,+AT subunit (Fig. 17.1). The hydrophobic 
light subunit (~50 kDa) with 12 transmembrane domains and 
the heavy subunit (~80 kDa) with a large extracellular part and 
one transmembrane domain are linked by a disulfide bridge.’ 

A disorder of this transporter results in an impairment of 
reabsorption of the dibasic amino acids cystine, ornithine, 
lysine, and arginine (COLA) in the kidney and the small 
intestine. Usually about 98-99% of the filtered load of those 
amino acids is reabsorbed in the proximal tubule.* The defect 
of the transporter causes a dramatic increase in urinary con- 
centration of these substances while serum concentration is 
reported to just drop by 20-30%.'° Although all of these 
amino acids reach high concentrations within the urine, only 
cystine is insoluble enough to form stones.! 
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Table 17.1 Prevalence of cystinuria in different regions 


Average 1 : 7,000 

Libyan Jews 1: 2,500° 

USA and Europe 1 : 1,000-20,000'° 
Sweden 1: 100,000! 
Mediterranean East Coast 1: 1,887’ 

Turkey 1 : 772-1,000*° 
Czech Republic 1: 5,600!" 

Japan 1 : 16,000-50,000'!* 
Australia 1: 4,000" 

Quebec 1: 7,200!* 


Cystine is poorly soluble at physiological urine pH values 
between 5 and 7, and stones are formed especially at concen- 
trations exceeding 240-300 mg/L (1.33-1.66 mmol/L). 
Higher pH values >8 lead to a threefold increase of cystine 
solubility (Fig. 17.2). Other known and yet unknown fac- 
tors seem to play a role since the effect of pH on cystine solu- 
bility varies among patients.'*°° Factors known to influence 
cystine excretion are dietary salt and animal protein intake. 
Both increase cystine excretion, yet no prospective studies 
have demonstrated changes in stone activity as a result of 
sodium restricted diets." As for protein intake, just one study 
demonstrated that lowering intake of cystine’s dietary pre- 
cursor methionine reduces urinary cystine excretion.”! 

Today more than 145 mutations are identified for both genes 
(>80 for SLC3A1, >65 for SLC7A9).*'°??! A genotype- 
phenotype correlation is strongly suspected.*!°*23 Mutations 
of the heavy rBAT subunit (SLC3A1) are transmitted in a 
recessive way. Transmission for the light subunit b0,+AT 


Fig. 17.1 Heterodimeric amino 
acid transporter. The heavy 
subunit (pink) and the light 
subunit (blue) are linked by a 
disulfide bridge (yellow)'° 
(Illustration used with permis- 
sion of the American Physiology 
Society and M. Palacin) 
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Fig. 17.2 Solubility of cystine at different urinary pH values!” 


(SLC7A9) is supposed to be autosomal dominant with incom- 
plete penetrance.’ Also, additional heavy subunits, that still 
remain to be identified, are suspected to play a role. 


17.3.2 Classification 


The first classification created by Rosenberg et al. in 1966*° 
was based on clinical features and divided the disease into 
three subgroups: type I, type II, and type III (the two latter 
ones being referred to as non-type-I). New insights into the 
genetic and functional characteristics of the disease led to a 
new classification in 2002 by the International Cystinuria 
Consortium.” Based on the type of mutation, the disease is 
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Table 17.2 Overview of clinical and genetic classification of cystinuria 


Classification 
Frequency 45% 53% 2% 
Gene locus Chromosome 2 (SLC3A1) Chromosome 9 (SLC7A9) Chromosomes 2 and 9 
(SLC3A1/SLC7A9) 
Subunit affected rBAT (heavy subunit) b°*AT (light subunit) rBAT/ b**AT 
Former classification Type I Type non-I 
Type II Type Ill 
Urinary excretion of cystine in Normal Elevated Moderately elevated Normal 
Deter cy sous tae eet) Oi 990-1,740 100-600 (Rare, mild phenotype) 


divided into type A, type B, and type AB, respectively. An 
overview is presented in Table 17.2. In contrast to former 
assumptions, there seem to be no clinical differences between 
the distinct types.” 

In heterozygote patients, urinary excretion of cystine is 
type dependent. In type A (former type I) heterozygotes 
excretion is normal, whereas in type B heterozygotes (for- 
mer non-type I) excretion is mildly (former type IID) to seri- 
ously elevated (former type II). This indicates an autosomal 
recessive transmission mode for type A cystinuria where the 
heavy subunit rBAT is affected. The inheritance mode for 
type B cystinuria is suspected to be autosomal dominant with 
incomplete penetrance, depending on the type of mutation.’ 
This hypothesis is further supported by the fact that reconsti- 
tution in liposomes show that the light subunit b0,+AT is 
fully functional in the absence of the heavy subunit rBAT.** 


17.4 Natural Course 


If generally stones may be formed in every age, more than 
80% of the patients develop their first stone within the first 
two decades.” Male patients seem to have a more severe 
evolution and an earlier onset of symptoms.” In 2003, 
Purohit published his data on 34 patients and found that 15% 
had their first stone after the age of 30, 6% even after the age 
of 50 years.*! On a patient cohort of 224 cystinuric patients 
Dello Strologo found, in 2002, an average onset of disease of 
13 years and 11 years for type I and non-I, respectively.” In 
their cohort of 34 cystinuric patients, Purohit and Stoller 
found 30% patients with just unilateral stone formation with- 
out any anatomical explanation.” 

Incidence of stone formation in the affected population var- 
ies between 0.2 and 0.8 stone events/year.*“* A 5-year recur- 
rence rate of 73%, independent of the amount of urinary 
cystine, type of intervention, or presence of residual calculi, 
has been described by Chow and Steem in 1996.“ The repeated 
stone formation leading to repeated interventions may lead to 
renal impairment in up to 70%. End stage renal disease may 
occur in up to 5%, unilateral nephrectomy in up to 15%." 


The role of stone prevention remains controversial. If some 
authors report frustrating results*'“**8 others report a reduced 
incidence of stone formation and/or interventions under ther- 
apy.*°’>! Limitations of the prophylactic measures are largely 
due to compliance problems. Regular follow-up seems to 
have a positive effect on compliance.’ The positive effect of 
preventive measures on long-term renal function has never 
been demonstrated but is strongly suspected. 

The natural course of disease in cystinuric patients is 
paved with stone recurrences. There may be several factors 
influencing the natural course of the disease. This theory is 
supported by the following facts'*: 


e The factors triggering these recurrences are partly 
unknown as some cystinuric patients tend to have periods 
with high frequency relapses without any medical 
explanation.”! 

e Thirty percent unilaterality of the disease.” 

e Siblings sharing the same mutation and environment may 
have very different clinical outcomes.*” 

e Male patients have a more severe form of the disease.*’ 

e Lithiasic (50%) and nonlithiasic (50%) SLC7A9 knock- 
out mice hyperexcrete the same levels of cystine.” 


17.5 Diagnostics and Definition 


In the past the diagnosis of cystinuria was only possible after 
stone expulsion. Nowadays an earlier detection of the dis- 
ease is theoretically possible. Specific analyses can be made 
in relatives of a cystinuric family member. Cystine stones 
should be expected in every younger stone-forming patient, 
especially in cases with known family history. 


17.5.1 Clinical Appearance of Stones 


Cystine stones have an amber color and a waxy appearance 
(Fig. 17.3). As they grow rapidly they often present as stag- 
horn stones at first diagnosis. 
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Fig. 17.3 Cystine stones (Image courtesy of Dieter Hannak, Institute 
for Clinical Chemistry, University Hospital, Mannheim, Germany) 


17.5.2 Radiological Appearance 


On radiography, cystine stones can be suspected if the stone 
material appears poorly radiopaque. Nevertheless they may 
appear radiopaque in case of a large stone mass or a mixed 
stone composition (e.g., with calcium oxalate). 

In computed tomography (CT) scans, cystine stones 
appear poorly attenuated. In vivo studies on 27 cystine stones 
in 1999 revealed that CT-collimation and stone size influ- 
ence the attenuation. Nevertheless, accurate prediction of 
stone nature was possible with a mean attenuation for cys- 
tine stones at 1 mm collimation of 860 + 26 Hounsfield 
units.” In an experimental ex vivo study, cystine stone mor- 
phology (void regions/homogenous stones) on micro-CT 
data positively predicted stone sensibility to shock wave 
lithotripsy." 


17.5.3 Urine Microscopy 


Microscopic morning urine examination may reveal typical 
hexagonal cystine crystals (Fig. 17.4) that confirm the diag- 
nosis and may be a risk factor for stone formation in cystinu- 
rics. However, as such, crystals are detectable only in 20-39% 
of urine specimens, the diagnosis cannot be excluded by 
their absence.'*° 


Fig. 17.4 Cystine crystals in urine (160x) 


17.5.4 24-h Urine 


Quantitative cystine excretion is determined by acid chroma- 
tography from collection urine. Twenty-four-hour urine col- 
lection should be performed regularly to monitor the current 
treatment and to decide about further treatment (although the 
urine collection might be difficult in children). This is not 
only important for proper determination of daily cystine 
excretion but also for analyzing the presence of other stone- 
promoting conditions such as hypercalciuria, hyperuricosu- 
ria, and hypocitraturia that can be found in up to 45% of 
cystinuric patients.” 

For a proper cystine determination in the 24-h-urine spec- 
imen, sodium bicarbonate has to be added until pH values 
exceed 7.5 in order to promote cystine dissolution and, thus, 
avoiding false low cystine values. Patients excreting 1,300 
u(micro)mol/g creatinine (150 mmol/mmol creatinine) cys- 
tine or more are supposed to be homozygote and need further 
evaluation and treatment.” 

The cyanid-nitroprusside test allows fast qualitative diag- 
nosis of cystinuria and was propagated as a screening method 
for homozygous patients. However, as several potential 
sources of error exist, this method is not in use anymore.! 


17.5.5 Definition 


In 2006 Dello Strologo et al. proposed a definition of 
cystinuria®: 


e Demonstration of a cystine stone in a patient, AND 
e Increased urinary excretion of COLA, OR 
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Table 17.3 Definition of cystinuria with stones in the upper urinary 
tract 


Demonstration of a cystine stone in a patient 
AND 


Identification of mutations on 
both alleles of one 


of the two genes involved 
OR 


Increased urinary excretion of 
Cystine 
Ornithine 
Lysine 


Arginine 


Table 17.4 Definition of cystinuria without present cystine stones 


umol/g mmol/mmol 

creatinine creatinine 
[cystine], wine >1,300 >150 
[cystine + ornithine + lysine + >5,900 >670 


arginine] 


24-h urine 


e Identification of mutations on both alleles of one of the 
two genes involved (Tables 17.3 and 17.4) 


A patient can be considered having cystinuria in the 
absence of a urinary stone if urine cystine excretion exceeds 
1,300 u(micro)mol/g creatinine (150 mmol/mmol creatinine) 
or the sum of COLA excretion via the urine exceeds 
5,900 u(micro)mol/g creatinine (670 mmol/mmol creatinine). 

While determination of cystine excretion in heterozygotes 
is still the method of choice for classification," it remains 
unclear whether genetic determination will play a leading 
role in the future. Since a wide variability in daily cystine 
excretion of the same patient has been clearly demonstrated™ 
this method could lose its importance. 

Furthermore, a correlation between stone formation and 
urine cystine concentration has never been demonstrated. '* 

New methods of direct urine supersaturation in cystine 
measurements could afford a more reliable way of therapy 
control and risk assessment.'”°’ Direct measurement of cys- 
tine crystal volume in the urine of cystinurics has also been 
reported to be a reliable indicator for stone formation.*° 


17.6 Cystine Stone Prevention 


The primary goal of conservative treatment is the improve- 
ment of the solubility of urinary cystine. Several approaches 
are possible: (a) dietary measures, (b) measures leading to a 
decrease of urinary cystine concentration, and (c) drugs lead- 
ing to reduction of cystine to the more soluble cysteine. 
For all patients, first-line treatment includes increased fluids, 
low salt diet, and appropriate urinary alkalinization. Other 
medical approaches are reserved for those patients who do 
not sufficiently respond to these measures (Fig. 17.5). 


Preventive measures 


Urine dilution Alkalinization 
- Resonable meat | >2.5Lurine/day | Urine pH>7.5 
Regular follow-up 
(24 h cystine excretion, pH, imaging) 


= T 


Additional medical therapy 


Tiopronin Ascorbic acid? 
(starting dose 2x250 mg 
daily increase if 


necessary) 


Regular follow-up 
(24 h cystine excretion, pH, imaging) 


Fig. 17.5 Treatment algorithm for the management of cystinuria 


17.6.1 Diet 


Methionine is metabolized to cystine within the organism. 
Reduction of methionine intake — which is abundant in protein- 
rich food like meat, fish, eggs, soy, and wheat — could therefore 
lead to reduced urinary cystine excretion. However, such 
restrictions to the menu are poorly accepted by most patients 
with the result of low patient compliance. Furthermore, pro- 
tein restriction is not recommended in children.® Adolescents 
and adults should follow a mixed commonsense diet with 
relatively low protein (<0.8 g protein/day). Reduction of 
sodium chloride has been shown to reduce cystine excretion, 
so sodium chloride intake should be limited to 2 g/day for 
adolescents and grown-ups.*' Rodriguez et al. could demon- 
strate a low salt diet being effective in reducing urinary cys- 
tine concentration in children as well (by reduction of 
natriuresis from 6 to 1.5 mmol/kg day). This can be achieved 
effectively when avoiding repeated salting and by the reduc- 
tion of salty meals. However, long-term compliance even for 
modest salt restriction is often poor. 


17.6.2 Urine Dilution 


High liquid intake remains the most important procedure to 
reduce urinary cystine concentration. Fluid intake should 
reach at least 3 L/day in children and approximately 4-5 L in 
adults, resulting in a urine volume of >2.5 L/day. In theory, 
one liter of water per mmol cystine excretion should be 
ingested. It is important that the patient does not only drink 
throughout the day but also assures sufficient overnight 
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diuresis. To guarantee nocturia, the patient has to drink 
before going to bed as well as during the night after micturi- 
tion.* Urine neutral and alkalizing beverages like mineral 
water, herbal teas, and citrus juices are recommended. 


17.6.3 Urine Alkalinization 


Urine alkalinization with alkali citrates to pH values of at 
least >7.5 is an important measure to guarantee sufficient 
cystine solubility. Sodium bicarbonate is only recommended 
in cases with severe renal insufficiency as sodium increases 
urinary cystine excretion. Potassium citrate, given in 2—4 
single doses of 3—10 mmol, allows adequate urine alkaliniza- 
tion." Especially in children, treatment starts with the lowest 
dose and is checked by regular urine pH determination at 
least three times a day. Dosage should be adapted carefully 
until reaching therapeutic pH values. Very high urine alkal- 
ization has to be avoided as it comes with the risk of calcium 
phosphate stone formation or urinary tract infections. 
Alkalinization can be supported by drinking citrus juices 
containing potassium citrate. 


17.6.4 Medical Reduction of Cystine 


In case of failure of other measures, application of chelating 
agents is recommended if cystine excretion exceeds 3 mmol/ 
day. Substances most widely used are D-penicillamine (DP) 
and a-mercaptopropionylglycine (MPG, _ thiopronin).**° 
Both drugs are equally effective in cleaving the disulfide 
bond of cystine into cysteine, which is 50 times more solu- 
ble.” MPG dosage for children is 20-40 mg/kg given in 
two doses, which is important as cystine excretion is higher 
during the night. Dosage should be adjusted by measuring 
the urine free-cystine level and keeping it under 100 u(micro) 
mol/mmol creatinine.” MPG seems to have significantly less 
side effects compared to DP, so it is preferred by most physi- 
cians.” However, side effects occur in 20-50% of cases and 
limit treatment success. Typical side effects of MPG are rash, 
arthralgia, exanthem, pemphigus, thrombozytopenia, poly- 
myositis, proteinuria, and nephritic syndrome. DP can induce 
pyridoxine depletion that requires supplementation. 
Captopril, a first-generation angiotensin-converting- 
enzyme inhibitor, contains free sulfhydryl groups. Some 
groups reported a positive effect of captopril application at 
dosages of 75-150 mg/day on cystine stone formation.°” 
However, others could not confirm these findings.“ In 1993 
ascorbic acid had been reported to reduce cystine into cysteine 
when given in very high doses.” However, the positive effect 


on cystine stone formation might be explained by the pres- 
ence of sodium bicarbonate in the fizzy tablets used. In vitro 
tests on cystinuric mouse models could not demonstrate any 
reduction of cystine excretion under ascorbic acid.” 

Many patients do not only form pure cystine stones but 
also stones of mixed composition.” Hypercalcuria, hyperuri- 
cosuria, hyperoxaluria, and hypocitraturia or infections 
might accompany cystinuria.*’ These parameter also have to 
be determined during follow-up and treated if necessary. 


17.7 Urological Interventions 


Most cystinuria patients require multiple urological inter- 
ventions during their lifetime despite preventive measures. 
However, the urological intervention rate seems to be 
decreased in patients with high medical compliance.” 
The chosen technique does not influence stone recurrence, 
but after being completely stone free, the time interval until 
stone recurrence is longer.” 

While all methods of stone extraction are possible, mini- 
mally invasive procedures should be preferred. Some partic- 
ularities will be discussed in the following paragraphs. 


17.7.1 Shockwave Lithotripsy 


Because of its low morbidity, shockwave lithotripsy (SWL) 
is the method of choice for all patients with a cystine stone 
within the upper urinary tract with a maximal diameter up to 
1.5 cm.”° Although cystine stones respond worse to SWL 
than calcium stones, in children the stone-free rate after 
SWL, even for large cystine stones, is significantly higher 
than in adults with matching stone size.” The pediatric ure- 
ter seems to be at least as efficient as the adult’s for transport- 
ing stone fragments after SWL. Thus, SWL can be offered as 
a first-line treatment for most ureter or kidney stones in 
children. 


17.7.2 Ureteroscopy 


With the development of new small rigid and flexible scopes, 
ureteroscopy (URS) for upper urinary stones is safe and effec- 
tive even in prepubertal children.” Furthermore, URS offers a 
good treatment opportunity for fragments refractory to prior 
SWL treatment.® While the neodymium:YAG laser was 
ineffective in cystine stones, the holmium:YAG laser now 
offers a very potent tool for cystine stone fragmentation. 
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17.7.3 PNL 


For stone sizes exceeding 1.5-2 cm, percutaneous nephro- 
lithotomy (PNL) is recommended. Monotherapy with PNL 
is safe and effective in the management of staghorn and 
complex renal calculi in one single hospital stay and may 
be combined with SWL or URS if necessary.*' The intro- 
duction of new instruments (so-called Mini-PERC) with 
small diameter access shafts has optimized PNL treatment 
in children.” 


17.7.4 Open Surgery 


Open surgery should be reserved for special situations. It could 
be considered for cases with complex staghorn stones, difficult 
anatomy (e.g., dystopic or horseshoe kidney), and if simultaneous 
abnormalities like ureteropelvic junction (UPJ) obstruction 
have to be corrected.*'*’ To preserve kidney function, open 
nephrolithotomy should be performed under conditions of 
renal ischemia and hypothermia.“ Ileal pyclovesicostomies 
can be considered in therapy refractory cystinuric stone formers 
to facilitate the spontaneous passage of large stones. 


17.8 Conclusions 


Cystinuria is a major challenge for the physician. It is a rare 
hereditary disease resulting in recurrent stone formation 
and, consecutively, the need for recurrent stone treatment. 
With two identified genes being responsible for the disease, 
gene therapy may become a future therapy. However, today 
dealing with cystinuria remains difficult, as successful man- 
agement requires lifelong patient compliance, regular fol- 
low-up examinations and, if necessary, state-of-the-art 
urological therapy. As medical treatment in particular 
requires great experience of the disease, the patient is prob- 
ably best treated by an interdisciplinary approach (urology, 
nephrology, pediatrics). Greater vigilance in complicated, 
recurrent stone former is required to achieve successful pro- 
phylactic management. Furthermore, not only physicians 
but also patients require more information about the disease 
to improve compliance. 
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Urinary Infection and Struvite Stones 


Sean P. Stroup and Brian K. Auge 


Abstract Struvite stones, also known as infection stones, have a chemical composition 
of magnesium ammonium phosphate, with or without calcium carbonate. They are named 
“infection stones” due to their association with urea-splitting bacteria, which degrade urea into 
ammonium and carbon dioxide, thus providing a major substrate for the development of a large, 
branched renal calculus. The most important urease producers include Proteus, Pseudomonas, 
Klebsiella, and Staphylococcus species. Moreover, bacterial endotoxins produced by many of 
these organisms contribute to the formation of a biofilm, which can entrap cations and promote 
crystallization. Staghorn calculi have been known to grow rapidly, in some instances as quick 
as 4-6 weeks. In addition to urea breakdown, urinary stasis may also contribute to calculus 
formation as seen in patients with urinary diversion, ureteropelvic junction (UPJ) obstruction, 
bladder outlet obstruction, or neurogenic voiding dysfunction. The management of infection 
stones includes antibiotic administration and complete stone removal. Retained fragments 
have a propensity to be associated with regrowth of renal stones in the vast majority of patients, 


demonstrating the necessity for an aggressive therapeutic approach. 


18.1 Introduction: Infection Stones 


Struvite calculi have plagued humanity since the beginning 
of civilization, dating back approximately 7,000 years ago to 
the era of the ancient Egyptians.’ In 1901, G. Elliot Smith 
discovered a bladder calculus, found within a prehistoric 
tomb at Al Amrah near Abydos in present day Egypt that 
was dated to about 4800 BCE. It was found among the bones 
in the grave of a 16-year-old boy. The stone was yellow, with 
a uric acid nucleus and concentric laminations of calcium 
oxalate and ammonium magnesium phosphate. It was first 
described by Shattock in 1905 and placed in the Museum at 
the Royal College of Surgeons in London. The stone had 
been broken by the excavating workman’s pick but was esti- 
mated to have been 6.5 cm in diameter. It was later destroyed 
when the museum received direct bomb hits in 1941.7 In 387 
BCE, Hippocrates first documented an association between 
urinary tract infections, urinary stones, and groin abscesses.* 
More than 2,000 years later, in 1817, Marcet reported on the 
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association of phosphate calculi with infection, ammonia, 
and alkaline urine. In 1901 Brown proposed that urea-split- 
ting bacteria were responsible for urinary ammonia, alkalin- 
ity, and ultimately stone formation.* 

Struvite was first discovered by a Swedish geologist 
named Ulex in 1845 after studying bat guano. He named it 
after his friend and mentor, the nineteenth century Russian 
diplomat and naturalist Baron von Struve (1772-1851). 
Struvite, a crystalline substance, is composed of magnesium 
ammonium phosphate (MgNH,PO,-6H,O).° Von Struve had 
published one of the earliest scholarly geological works in 
1807 entitled “Mineralogical Memoirs.” 

Struvite urinary stones have also been referred to as 
“infection stones” and “triple phosphate” stones. Early 
chemical analyses of these stones demonstrated the pres- 
ence of calcium, magnesium, ammonium, and phosphate, a 
total of three cations and one anion. Carbonate ions were 
also commonly identified; they were assumed to be associ- 
ated with calcium as calcium carbonate (CaCO,). Other 
terms for infection calculi include magnesium ammonium 
phosphate (MgNH,PO,-6H,O), calcium carbophosphate, 
carbonate apatite (Ca,,[PO,]—CO,), and urease. Modern 
crystallographic analyses have shown that human “struvite” 
stones are a mixture of struvite (MgNH,PO,-6H,O) and 
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Fig. 18.1 An example of a staghorn calculus removed en bloc from a 
patient with a nonfunctioning kidney secondary to xanthogranuloma- 
tous pyelonephritis 


carbonate-apatite (Ca,,[PO,]—CO,). In some stones, struvite 
may be more abundant, whereas in other stones apatite may 
predominate. Evidence links the formation of struvite and 
carbonate-apatite stones to urinary infection. 

The American Urological Association (AUA) 2005 
Guidelines define staghorn calculi as those “branched stones 
that occupy a large portion of the collecting system, and typi- 
cally, fill the renal pelvis and branch into several or all of the 
calices”® (Fig. 18.1). Although all types of urinary stones can 
potentially form staghorn calculi, approximately 75% are 
composed ofastruvite-carbonate-apatite matrix. Interestingly, 
an article investigating the structural analysis of renal calculi 
in northern India reported that 90% of staghorn stones were 
composed of oxalates.’ Other less common staghorn calculi 
can be composed of mixtures of calcium oxalate and calcium 
phosphate, cystine, or pure uric acid. The term “staghorn” 
refers to a description of configuration (i.e., a deer’s antlers) 
rather than composition. 


18.2 Bacteriology 


Struvite calculi are typically referred to as infection stones 
because of their association with urinary tract infections with 
urease-producing bacteria. The most important urease pro- 
ducers include Proteus, Pseudomonas, Klebsiella, and 
Staphylococcus species and are listed in Table 18.1.8 
Escherichia coli, the most common uropathogen, however, 
rarely produce urease and thus is an infrequent cause of stag- 
horn calculi.? 

Proteus species are motile gram-negative bacteria belong- 
ing to the Enterobacteriacae family that cause urinary tract 
infections primarily in patients with long-term urinary 


Gram-positive 


Mycoplasma 


Yeasts 


Bacteroides 
corrodens 


Bordetella 
pertussis 


Brucella species 


Haemophilus 
influenzae 


Proteus mirabilis 


Proteus morganii 


Proteus rettgeri 
Proteus vulgaris 


Providencia 
stuartii 


Yersinia 
enterocolitica 


Corynebacterium 
hofmannii 


Corynebacterium 
ovis 


Corynebacterium 
renale 


Corynebacterium 
ulcerans 


Micrococcus 


Flavobacterium 
species 


Staphylococcus 
aureus 


T-strain Mycoplasma 


Ureaplasma 
urealyticum 


Cryptococcus 
Rhodotorula 


Sporobolomyces 


Candida humicola 


Trichosporon 
cutaneum 


Occasionally 


Aeromonas 
hydrophila 
Bordetella 
bronchiseptica 
Haemophilus 
parainfluenzae 
Klebsiella 
pneumoniae 
Klebsiella oxytoca 
Pseudomonas 
aeruginosa 
Pasteurella species 


Serratia marcescens 


Bacillus species 


Clostridium tetani 


Corynebacterium 
equi 
Corynebacterium 
murium 


Mycobacterium 
rhodochrous group 


Peptococcus 
asaccharolyticus 


Staphylococcus 
epidermidis 


Organisms that usually produce urease do so in >90% of isolates, whereas, 
occasional producers have urease detected in 5-30% of isolates 


catheters in place or structural abnormalities of the urinary 
tract. !” Proteus infections are known to be persistent and dif- 
ficult to treat and can lead to several complications such as 
acute or chronic pyelonephritis. They are the most common 
bacilli associated with the formation of bacteria-induced 
bladder and kidney stones (about 70% of all bacteria isolated 
from such urinary calculi). =" 
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Urease is the essential virulence factor of these bacteria 
involved in stone formation. Ammonia, produced by the 
enzymic hydrolysis of urea, elevates urine pH, causing super- 
saturation and crystallization of magnesium and calcium 
ions as struvite (MgNH,PO,.6H,O) and carbonate apatite 
[Ca,,(PO,),-CO,].'*° In addition to urease activity, bacterial 
exopolysaccharides contribute to stone formation. Nickel 
and colleagues have demonstrated bacterial cells growing as 
microcolonies together with bacterial biofilms within exten- 
sive organic matrices.'° This matrix, or glycocalyx, which is 
produced by the bacteria, harbors the organisms and protects 
them from antibiotic therapy. Moreover, matrix may also 
contribute to stone formation by adherence of urine compo- 
nents onto its surface acting as a nidus for stone growth. 

Proteus bacilli have capsular polysaccharide (CPS) and 
lipopolysaccharide (LPS, endotoxin) on their surfaces. CPS 
is the most external surface component of these bacteria, but 
detailed studies have shown that only a few strains can syn- 
thesize a capsule antigen, and its structure is identical to the 
O-specific chain of their LPS.'7!° LPS is the main compo- 
nent of the outer membrane and one of the major virulence 
factors of these bacteria. It consists of a polysaccharide part, 
containing an O-specific chain (O-antigen, O-PS), and a core 
region, as well as a lipophilic region, termed lipid A, which 
anchors the LPS to the bacterial outer membrane. It has been 
well documented that Proteus is an antigenically heteroge- 
neous genus, principally because of structural differences in 
the O-specific polysaccharide chain of LPS. In most Proteus 
strains, O-specific polysaccharides have been found to be 
acidic due to the presence of uronic acids and various non- 
carbohydrate acidic components, including phosphate 
groups.'” 

The role of acidic polysaccharides in the pathogenicity of 
Proteus, especially in urinary tract infections, is controver- 
sial. The negatively charged polysaccharides are important 
barriers against the bactericidal action of the complement 
system.” Yet the acidic character of Proteus extracellular 
polysaccharides may play a crucial role in stone formation 
within the urinary tract.” Clapham et al. had previously 
hypothesized that anionic groups found on bacterial polysac- 
charides influence struvite and carbonate apatite formation 
because they enable these macromolecules to bind cations 
(Ca**, Mg**) via electrostatic interactions that accelerate 
supersaturation and crystallization of these ions.*! Torzewska 
et al. showed that the polysaccharide of Proteus vulgaris 
O12 bound magnesium and calcium ions weakly but 
increased the crystallization rate, whereas Proteus mirabilis 
028 and P. vulgaris O47 cells were able to bind large amounts 
of the cations but inhibited the process of crystallization 
in vitro.” The aim of this work was to show that negatively 
charged polysaccharide, being a part of the Proteus LPS, 
may bind the cations present in urine. Such binding leads to 
the accumulation of cations around bacterial cells and 


increases the crystallization rate and formation of urinary 
tract stones. The polysaccharide part of Proteus LPS may 
either enhance or inhibit the process of crystal formation, 
depending on the chemical composition of the molecule and 
its affinity for cations. 

Bacterial endotoxin is present not only as a component of 
glycocalyx in biofilms, but also as free molecules originating 
from dead cells or released from urinary stones during their 
surgical removal, which causes serious health problems.™*”° 
Hence, it is possible that the same polysaccharide, through 
its cation affinity, may increase or inhibit the process of crys- 
tallization, depending on its location. Free endotoxin mole- 
cules with a high affinity for cations may act as crystallization 
inhibitors, since cations bound to such macromolecules 
would be washed out by the flow of urine. Conversely, in the 
biofilm, local accumulation of ions by anchored endotoxin 
would lead to stimulation of the crystallization process. It is 
obvious that the development of infectious urolithiasis is 
multifactorial, and despite long-term clinical and experimen- 
tal investigation, some of the specific mechanisms responsi- 
ble for urinary calculi formation remain a mystery. 


18.3 Mineral Composition 


Infection stones are composed primarily of magnesium 
ammonium phosphate hexahydrate (MgNH,PO, ° 6H,O) but 
may, in addition, contain calcium phosphate in the form of 
carbonate apatite (Ca,,[PO,], ° CO,).*° Urease is not consti- 
tutively produced or present in sterile human urine, there- 
fore, infection with urease-producing bacteria is a requirement 
for the formation of infection stones. Infection stones are 
formed following a series of chemical reactions that generate 
conditions conducive to the formation of stones. Urea, which 
is concentrated in the urine, is first hydrolyzed to ammonia 
and carbon dioxide in the presence of bacterial urease. The 
lysis of urea provides an alkaline urine environment and ade- 
quate concentrations of carbonate and ammonia to drive the 
formation of infection stones. 

The conversions of urea to ammonia, ammonia to ammo- 
nium, and acidification from carbon dioxide are as follows: 


(NH, ), CO +H,O > 2NH, + CO, 


The reaction is then driven to the left in the presence of alka- 
line urine (pH 7.2-8.0) and favors the formation of ammo- 
nium hydroxide: 


NH, +H,O & NH,* + OH pK =9.0 


In the typical physiologic setting, as this reaction moves for- 
ward to produce ammonium, the alkaline urine would 


220 


S.P. Stroup and B.K. Auge 


prevent generation of further ammonium. However, in the 
presence of urease, the reaction continues to produce ammo- 
nia, further increasing urinary pH. The alkaline environment 
also promotes the hydration of carbon dioxide to carbonic 
acid, which then dissociates into HCO™ and H+. Further dis- 
sociation of HCO” yields a carbonate anion and two hydro- 
gen cations: 


CO, +H,O >H,CO,pK = 4.5 
H,CO, > H* + HCO, pK =6.3 
HCO, > H*+ CO pK =10.2 


Hydrogen phosphate then dissociates under alkaline condi- 
tions and generates free phosphate, and creates the end prod- 
ucts necessary for infection stone formation: 


H,PO, > H* + HPO,’ pK =7.2 
HPO,? > H* + PO, pK =12.4 


This chemical cascade, along with physiologic concentra- 
tions of magnesium, provides the constituents necessary for 
precipitation of struvite. In addition, the concentrations of 
calcium, phosphate, and carbonate allow precipitation of car- 
bonate apatite and hydroxyapatite, thereby comprising the 
components of infection stones. Citrate normally forms com- 
plexes with calcium and magnesium to inhibit stone forma- 
tion, but this protective effect is lost in infective conditions 
due to the metabolic activity of the bacteria on citrate.’ 

In contrast to struvite stones, calcium phosphate stones 
consist of either apatite or brushite (CaHPO, ° 2H,O). Apatite 
stones are associated with formation in an alkaline environ- 
ment with a pH greater than 6.6 and are considered “infec- 
tion-related” stones. Brushite calculi develop in more acidic 
settings with a urinary pH less than 6.6 as in type I (distal) 
renal tubular acidosis. In these cases, they are not associated 
with infection or urease-producing bacteria. 


18.4 Mechanism of Calculogenesis 
of Struvite Stones 


Infection stones are characterized by their large size and 
exceptionally rapid growth. In fact, 4-6 weeks may be suffi- 
cient time for an infection stone to form and subsequently 
develop into a staghorn stone that involves the entire renal pel- 
vis and calices.” Most commonly, staghorn stones are com- 
posed of a mixture of struvite (magnesium ammonium 
phosphate) and calcium carbonate apatite. Normal urine is 
undersaturated with ammonium phosphate, and struvite stones 
only form when ammonia production is elevated and urine pH 
is increased, thereby decreasing the solubility of phosphate.” 


Brown first theorized that bacteria split urea, thereby 
setting up the condition for stone formation; and, indeed, he 
later isolated P. vulgaris from a stone.* Sumner in 1926 iso- 
lated urease from Canavalia ensiformis. It is now well estab- 
lished that struvite stones (magnesium ammonium phosphate) 
occur only in association with urinary infection by urea- 
splitting bacteria.” First, bacteria-produced urease breaks 
down urinary urea into ammonia plus carbon dioxide, which 
then hydrolyzes to ammonium ions and bicarbonate. Binding 
to available cations then produces carbonate apatite and 
magnesium ammonium phosphate. Carbonate apatite begins 
to crystallize at a urine pH greater than or equal to 6.8 while 
struvite precipitates only at a pH greater than or equal to 7.2. 
Two conditions must coexist for the formation of crystals 
and subsequently struvite calculi. These are (1) alkaline urine 
(pH >7.2) and (2) the presence of ammonia in the urine. 
However, equally important is the formation of the biofilm, 
which contributes to the formation of the matrix within 
which the bacteria may adhere and reside. The biofilm 
becomes the nidus for crystal aggregation and stone growth 
via a gel growth mechanism within the biofilm itself.” 


18.5 Bacteria within the Stone 
and Its Significance 


Cultures of “infection stone” fragments obtained from both 
the surface and inside of the stone have demonstrated that 
bacteria reside within the stone, thereby causing the stone 
itself to be infected, in contrast to stones made of other sub- 
stances where the stones remain sterile inside.* Repeated uri- 
nary tract infections with urea-splitting organisms may result 
in stone formation, and once an “infection stone” is present, 
infections tend to recur. 

“Struvite—apatite dust” is formed around the bacteria and 
facilitates crystal growth. Crystallization may occur both 
intra- and peribacterially. Apatite crystals grow inside the 
bacteria, and, after bacteriolysis, microliths formed may 
serve as a nidus for stone formation. Crystals growing perib- 
acterially may settle on the bacteria and form a phosphate 
cover, and bacteria enclosed within the stone serve as a 
source of recurrent infections. Stone propagation occurs 
extremely quickly because of the constant supply of reac- 
tants and the alkaline milieu, in which struvite and apatite are 
poorly soluble.” 

Bacteria may be involved in stone formation by damaging 
the mucosal layer of the urinary tract, resulting in both 
increased bacterial colonization and crystal adherence.*!*” 
It has been proposed that ammonium, generated as a result 
of urealysis, may alter the glycosaminoglycan (GAG) layer 
present on the surface of the transitional cell layer and sig- 
nificantly increase bacterial adherence to normal bladder 
mucosa, further exacerbating infection risk.** In addition, 
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a study in rats found that injury to the bladder mucosa 
increased crystal adherence to the bladder wall, a process 
that was potentiated by the presence of common bacteria 
such as Proteus, E. coli, Enterococcus, and Ureaplasma 
urealyticum.*! 

Another potential mechanism for increased stone forma- 
tion in the presence of bacteria is the finding that particular 
bacteria, such as E. coli and Proteus, may alter the activity of 
urokinase and sialidase, whereas organisms not typically 
associated with infection stones do not.” This altered enzy- 
matic activity may explain the frequent association of E. coli 
with stone formation despite lacking urease activity.** 


18.6 Urease and Its Role 


Struvite/calcium carbonate apatite stones also are referred to 
as “infection stones” because of their strong association with 
urinary tract infection caused by specific organisms that pro- 
duce the enzyme urease that catalyzes the hydrolysis of urea 
into ammonia and carbon dioxide.**° Urea was the first 
organic compound to be artificially synthesized from inor- 
ganic starting materials in 1828 by Friedrich Wöhler, who 
prepared it by the reaction of potassium cyanate with ammo- 
nium sulfate. The isolation of urease, the first enzyme ever 
purified, earned Sumner the Nobel Prize for Chemistry in 
1946.” Urease is found in bacteria, yeast, and several higher 
plants. 

The alkaline urinary environment and high ammonia con- 
centration produced as a result of urea hydrolysis, along with 
abundant phosphate and magnesium in urine, promote crys- 
tallization of magnesium ammonium phosphate (struvite), 
thereby leading to formation of large, branched stones. Other 
factors play a role, including the formation of an exopolysac- 
charide biofilm and the incorporation of mucoproteins and 
other organic compounds into this matrix: 


HN NH; 
UREA 


Bacterial urease can be detected by the Urea-Rapid Test, a 
urea-indole medium from Bio-Merieux, Inc. (Durham, NC).** 


18.7 Matrix in Struvite Stones and Its Role 


Matrix appears to play a major role in the formation of stru- 
vite stone and is composed of mineralized, gelatinous organic 
material and an exopolysaccharide biofilm secreted by the 
bacteria.” Inflammation also leads to increased mucus 


secretion, which can be absorbed onto crystal surfaces, which 
in turn adds to the matrix for crystal aggregation. 
Glycosaminoglycan within the cell walls of the urothelial 
cells — in the form of chondroitin sulfate, heparin sulfate, 
hyaluronic acid, and keratin sulfate — may positively or nega- 
tively impact crystal adherence and subsequent stone growth 
as different GAG species have affinities for different stone 
crystals. By complexing with crystals, they can inhibit stone 
growth. However, adherence can also create accumulation 
within the stone, thereby propagating stone formation.“ 
Finally, ammonia induces damage to the surrounding protec- 
tive urothelial glycosaminoglycan layer and thus increases 
bacterial adherence to the transitional epithelium.*! The pro- 
portion of matrix is greater in struvite stones than in other 
types of calcium-based stones and is thought to protect the 
bacteria from antimicrobials. 


18.8 Role of Urinary Stasis 


Although infection stones are a direct result of persistent or 
recurrent infection with urease-producing bacteria, they may 
also be associated with or exacerbated by urinary obstruction 
or stasis as seen in patients with urinary diversion, uretero- 
pelvic junction (UPJ) obstruction, bladder outlet obstruction, 
or neurogenic voiding dysfunction.” It must be noted, how- 
ever, that the development of calculi within an obstructed 
system is a complex multifactorial event. Patients not only 
have stasis, but also are predisposed to infection due to bac- 
terial adherence and virulence factors and may have a uri- 
nary milieu within the obstructed system with metabolic 
derangements influencing stone development.“ In addi- 
tion, it is unclear whether patients with UPJ obstruction 
presenting with stones had developed the stone first or the 
obstruction first. Although studies have demonstrated the 
changes in muscular and collagenous composition of the UPJ 
in those with obstruction, it remains unclear whether that 
may predispose one to calculogenesis.**~*’ Certainly, patients 
with chronically impacted stones at the UPJ are subjected to 
inflammatory changes that may lead to edema, fibrosis, and/ 
or necrosis with subsequent obstruction. Stasis is not the 
only mitigating factor for stone development in pediatric 
patients with UPJ obstruction. Only 1-5% of these patients 
are found to have concomitant stones, supporting the concept 
that metabolic abnormalities and infection are primary stim- 
uli for stone formation.*** 

Intestinal segments are used in urological surgery to 
replace the bladder, either as a conduit to drain urine to the 
abdominal wall as a urinary stoma or refashioned to form a 
substitute bladder. Not uncommonly, stones develop within 
the diversion segments in the postoperative period. Many fac- 
tors contribute to stone formation in this patient population, 
the most important being urinary stasis, mucus production, 
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the presence of a foreign body, and bacteriuria. Metabolic 
changes induced by exposure of segments of the alimentary 
tract to urine promote struvite, calcium oxalate, and calcium 
phosphate stone formation.”* 


18.9 Clinical Manifestations 


18.9.1 Epidemiology 


Infection stones comprise 5-15% of all stones. However, 
struvite/carbonate apatite was the most common stone com- 
position among a population of African-American stone 
formers in Ohio, accounting for a third of stones in males 
and nearly half the females in this population.*° Similarly, 
struvite stones comprise up to 30% of all stone compositions 
worldwide. Because infection stones occur most commonly 
in those prone to frequent urinary tract infections, struvite 
stones occur more often in women than men by a ratio of 
2:1.°! Other populations at risk of recurrent infection include 
the elderly; premature infants or infants born with congenital 
urinary tract malformation; diabetics; and those with urinary 
stasis as a result of urinary tract obstruction, urinary diver- 
sion, or neurologic disorders. Spinal cord injured patients are 
at particular risk for both infection and metabolic stones 
owing to neurogenic urinary tract dysfunction and hypercal- 
ciuria related to immobility. Patients with a functionally 
complete cord transection are at highest risk of developing a 
staghorn calculus.” 


18.9.2 Clinical Presentation 


The clinical presentation of patients with struvite stones can 
be variable. Infection stones typically grow insidiously over 
a period of weeks to months, and, if left untreated, will even- 
tually grow into the typical staghorn calculus. They rarely 
produce typical symptoms of acute colic from an obstructing 
ureteral stone as would be the case in patients with calcium- 
based or uric acid stones. Instead, patients may not realize 
they have a stone until investigated for recurrent infections, 
or obtain abdominal cross-sectional imaging for another 
indication. Gross hematuria, mild abdominal pain, renal dys- 
function, fever, or urosepsis may also prompt clinicians to 
investigate for the possibility of infection stones. Concomitant 
urinary obstruction and hydronephrosis may be present and 
can result in nausea or vomiting. 

In institutionalized patients susceptible to infection stones, 
the ability to elicit symptoms may be limited; sepsis may be 
the only evidence of an underlying struvite staghorn calculus. 
Note that patients with struvite calculi can be asymptomatic, 


even when calculi occupy the entire renal collecting system. 
Even with progression to xanthogranulomatous pyelonephri- 
tis, 25% of patients may remain completely free of symp- 
toms. Systemic manifestations of large struvite stones and 
associated chronic infection include generalized fatigue, 
malaise, and weight loss. Urinalysis will demonstrate an 
alkaline pH (>7.2) and may reveal magnesium ammonium 
phosphate crystals (Fig. 18.2). 

Staghorn stones are easily detected on plain film imaging 
(Fig. 18.3). Computed tomography (CT) scan has emerged 
as the imaging modality of choice for stones of all chemical 
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Fig. 18.2 Image of magnesium ammonium phosphate crystals. Note 
the classic “coffin lid” appearance (Reprinted with permission from™ 
copyright Elsevier 2001) 


Fig. 18.3 Plain tomogram of a patient with bilateral staghorn calculi. 
This patient underwent bilateral percutaneous nephrolithotomies to 
completely clear both kidneys of all stone material. Stone composition 
was struvite 
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Fig. 18.4 CT scan coronal reconstruction of a right staghorn stone 


compositions, and especially for preoperative planning for 
staghorn calculus removal (Fig. 18.4) and postoperative fol- 
low-up to ensure complete resolution. Renal scintigraphy 
may be indicated to assess differential renal function in those 
patients with chronic pyelonephritis and/or obstruction. 


18.10 Conclusions 


The natural history of staghorn calculus disease is one of 
progressive morbidity and mortality; thus the rationale for an 
aggressive therapeutic approach has long been recognized. 
The presence of an active, untreated urinary tract infection is 
a contraindication to stone removal. Patients with struvite 
stones have chronic bacteriuria, and their urine is never ster- 
ilized by antibiotics alone; however, appropriate antibiotics 
should be administered prior to surgical intervention in an 
attempt to minimize the potential for sepsis during treatment. 
Similarly, if concomitant urinary obstruction and purulent 
infection exist (i.e., pyonephrosis), percutaneous drainage 
and antibiotics are necessary before further manipulation of 
the stone and urinary tract. 

In 2005, the AUA Nephrolithiasis Guidelines Panel pub- 
lished a critical meta-analysis of the existing literature to 
determine the optimal management for staghorn calculi. 
They identified risk factors for patients developing stag- 
horn stones, and potential outcomes for those undergoing 
treatment and those electing observation. Clearly, if left 
untreated, a staghorn/infection stone will destroy the kid- 
ney (Fig. 18.5), and has a significant chance of causing 
death in affected patients.° Complete surgical removal of 
the stone is recommended as recurrence rates for the rede- 
velopment of a staghorn calculus in those with residual 
fragments approach 100%.5* 


Fig. 18.5 Xanthogranulomatous pyelonephritis status post-nephrec- 
tomy. In this gross specimen, incised longitudinally along the lateral 
aspect of the kidney, note the abundance of purulent fluid within the 
basin, thinned renal cortex, and markedly dilated collecting system 
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Drug-Induced Renal Stones 


Michel Daudon and Paul Jungers 


Abstract Drug-induced stones represent about 1% of all renal stones. They involve two 
main mechanisms. The first one includes stones made of the drug and/or its metabolites 
identified by X-ray diffraction or infrared spectroscopy on the basis of their specific 
diagrams. Nowadays, the most commonly observed ones are antiproteases (such as 
indinavir) used in HIV-infected patients, high-dose sulfadiazine used for the treatment 
of cerebral toxoplasmosis, and abuse of ephedrine/guaifenesin-containing preparations, 
whereas triamterene, formerly the most often involved drug, is less frequently observed. 
The second one includes stones of common composition, induced by the metabolic effects 
of the drug on urinary pH and excretion of calcium, oxalate, phosphate, citrate, uric acid, 
or other purines. The most frequent causes are unsupervised calcium/vitamin D supplemen- 
tation and carbonic anhydrase inhibitors, including anticonvulsants (such as topiramate). 
Incidence of metabolically induced stones is probably underestimated, because they are 
of apparently usual composition and may reveal long after drug withdrawal. Formation of 
iatrogenic calculi is favored by high-dose or long-lasting treatments, high renal excretion 
and low solubility of the drug or its metabolites, low urine output or inadequate urine pH, 
and is especially frequent in patients with a history of stones. Better awareness of poten- 
tially lithogenic drugs may allow more efficient prevention and reduce the incidence of 
drug-induced nephrolithiasis. 


19.1 Introduction 19.2 Mechanisms of Drug-Induced 
Stone Formation 
Drug-induced stones currently account for about 1% of uri- 


nary stones.' Sulfonamides were the first drugs associated Analysis of a large number of stones in drug-exposed patients 


with the formation of renal calculi soon after their introduc- allows the identification of two main types of drug-induced 
tion in the early 1940s.’ Thereafter, only sparse reports stones: 


appeared in the following four decades, until Ettinger et al.* 
reported the frequent occurrence of stones in patients treated 
with triamterene. This led to the proposal of the innovative 
concept of drug-induced nephrolithiasis.4° Subsequently, a 
number of reports appeared about a variety of drugs, involv- 
ing different mechanisms and risk factors, leading to the addi- 
tional concept that drug-induced stone formation involves 
two distinct mechanisms.'° 


1. Stones made, in majority or partly, of the drug itself, or its 
metabolites. In such cases, diagnosis is easily made by 
X-ray diffraction’ or Fourier transform infrared spectros- 
copy (FTIR),* which identify the presence of a foreign com- 
pound together with its location and amount in the stone. 

2. Stones made of calcium oxalate, calcium phosphate, uric 
acid or ammonium urate resulting from the metabolic 
effects of the drug, through alteration of urine pH and/or 
of urinary excretion of calcium, oxalate, phosphate, uric 
acid, or electrolytes. Here, the diagnosis is more difficult 
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Of note, in both cases, iatrogenic calculi often develop on a 
preexisting stone, thus leading to a stone of mixed composi- 
tion, as revealed by thorough morphologic examination and 
sequential analysis of stones.'° 


19.3 Risk Factors Favoring Drug-Induced 
Stone Formation 


Formation of drug-induced stones is not universal with all 
drugs. Drugs having a propensity for inducing crystalluria, and 
stone formation have common characteristics, several of which 
may be simultaneously involved: high daily dose of the drug 
(in the order of several hundreds milligrams or few grams); 
long-lasting prescription; high urinary excretion of the drug 
and/or its metabolites; urinary concentration peaks (short half- 
lived drugs); poor solubility of the drug and/or metabolites; 
peculiar characteristics of drug crystals (size and morphology); 
or concomitant administration of a drug altering pharmacoki- 
netics or metabolism of the drug. On the other hand, only a 
very limited proportion of the large number of patients treated 
with potentially lithogenic drugs develop crystalluria or stones. 
This indicates that risk factors specific to individuals may favor 
stone formation. The most important factor is a history of neph- 
rolithiasis, which is found in a high proportion of affected 
patients. Other favoring factors are urinary stasis (malforma- 
tive uropathy, prostatic hypertrophy); underlying latent litho- 
genic metabolic abnormality (such as idiopathic hypercalciuria, 
hyperuricosuria, hyperoxaluria, or hypocitraturia); individual 
pattern of drug-detoxification; abnormally low or high urinary 
pH; urinary tract infection; low urine output; or excessive urine 
concentration (dehydration episodes, hot climate, etc.). 


19.4 Epidemiology of Drug-Induced Stones 


Incidence of drug-induced stones is likely to be underesti- 
mated. Indeed, most published studies report only on calculi 
containing a drug or its metabolites, identifiable by X-ray 
diffraction of FTIR, whereas stones of common composition 
without presence of a foreign component are usually not 
identified as drug-induced.' 

The first large-scale epidemiological study of drug-induced 
nephrolithiasis was presented in 1980 by Ettinger et al.,* who 
reported that 0.4% of 50,000 renal calculi in the US contained 
triamterene. Asper’ reported a prevalence of 0.1% of drug-con- 
taining calculi in a series of 14,165 calculi analyzed by X-ray 
diffraction between 1982 and 1985 in Switzerland, whereas 
Rapado et al.’ in Spain observed the presence of a drug in 0.8% 
of 1,500 calculi. During the decade 1975-1985, Réveillaud and 
Daudon identified the presence of a drug in 58 (1.4%) of 4,000 
calculi.'' Triamterene was the most frequently involved drug. 


More recently, new drugs used in the treatment of human 
immunodeficiency virus (HIV) infected patients, namely indi- 
navir and sulfadiazine, became the most prevalent, whereas the 
incidence of triamterene-containing stones declined, as shown 
in a survey of the distribution of drug-containing calculi among 
urinary stones examined at our laboratory over the period 
1977-2002.' Of note, stones induced by the metabolic effects 
of drugs were nearly as frequent as drug-containing ones. 
Among 45,000 stones analyzed at CRISTAL Laboratory 
between 1977 and 2006, 0.95% contained a drug or metabo- 
lites, whereas 0.65% resulted from metabolic drug induction. 


19.5 Drug-Containing Renal Stones 


About 20 different drugs have been found in calculi 
(Table 19.1). 


19.5.1 Triamterene 


The potassium-sparing diuretic triamterene was commonly 
prescribed in the past decades to hypertensive patients. It 
was associated to thiazide diuretics in order to prevent 
hypokalemia. A popular pill in the US was Dyazide®, which 
contained 25 mg hydrochlorothiazide and 50 mg triamterene 
per tablet. 

In the first case reported by Ettinger et al.,'° a 52-year-old 
female patient who passed nearly 50 mustard-color calculi 
was taking 300 mg/day triamterene. Subsequently, a number 
of reports appeared (reviewed in Daudon and Jungers'). Most 
affected patients received 150-200 mg triamterene per day. 
Triamterene-containing stones (Fig. 19.la) were more fre- 
quent in patients with a history of stones than in those without 
it and especially in cases where a calculus was still present, 
providing a physical support for the deposition of triamterene 
or its metabolites.*! 

As shown by FTIR, only one-third of triamterene-associated 
calculi were made mainly of triamterene, whereas in most 
cases, minor amounts of triamterene were associated with vari- 
able amounts of common components such as calcium oxalate 
or uric acid.'* However, in our experience, triamterene was 
present in the nucleus of 70% of calculi, thus indicating its ini- 
tiating role in the lithogenic process, whereas in 30% of cases 
triamterene coated a preexisting calculus. ! 

Chromatographic analysis revealed that triamterene cal- 
culi contain, in variable proportions, both triamterene and its 
metabolites, hydroxy-4'-triamterene in its free form or, most 
frequently, as hydroxy-4'-triamterene sulphate, with the sul- 
phate metabolite often being the major component.'* Other 
insoluble metabolites were also reported in stones.'* 

Despite the fact that urinary crystals of triamterene metab- 
olites appear in about half of patients treated with this drug,’° 
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Table 19.1 Drugs found in calculi 


Drug Components of Stones Drug Components of Stones 


Antibacterial agents 
Sulfamides 
Sulfadiazine 


Sulfaguanidine 


Sulfamethoxazole 


Sulfaperine 


Sulfasalazine et 
sulfapyridine 


Sulfisoxazole 
Aminopenicillins 
Amoxicillin 
Ampicillin 
Cephalosporins 
Ceftriaxone 
Quinolones 
Flumequine 
Oxolinic acid 
Ciprofloxacin 
Norfloxacin 
Furanes 
Nitrofurantoine 
Pyridines 


Phenazopyridine 


Proteases inhibitors 
Indinavir sulfate 
Atazanavir 
Nelfinavir 

Antinucleosidic drugs 
Efavirenz 

Analgesics 

Amino-4-quinoleines 


Glafenine 


Antrafenine 
Floctafenine 
Antihypertensive drug 
Pteridine 


Triamterene 


Others 


Silicium derivatives 


Magnesium trisilicate 


Hydrated silica 


N-acetylsulfadiazine, sulfadiazine 


N-acetylsulfaguanidine, 
N, N-diacetylsulfaguanidine 


N-acetylsulfamethoxazole 
chlorhydrate 


N-acetylsulfaperine 


N-acetylsulfapyridine 


N-acetylsufisoxazole 


Amoxicillin trihydrate 


Ampicillin trihydrate 


Calcium ceftriaxonate 


Flumequine 
Oxolinic acid 
Ciprofloxacin, magnesium salt 


Norfloxacin, magnesium salt 


Nitrofurantoine 


Hydroxyphenazopyridine sulfate 
and other metabolites 


Indinavir monohydrate 
Atazanavir 


Nelfinavir 


Efavirenz metabolites 


Free glafenic and hydroxyglafenic 
acids 


Free antrafenic acid 


Floctafenic acid glucuronide 


Triamterene, hydroxy-4’- 
triamterene sulfate, hydroxy-4’- 
triamterene and glucuronide 
metabolites 


Amorphous silica (opale) 


Amorphous silica (opale) 


(continued) 


Table 19.1 continued 


Cough and stimulant 
preparations 
Guaifenesine Béta-(2-methoxyphenoxy) lactic 
acid, calcium salt 
Ephedrine Ephedrine 
Hypouricemic drug 
Allopurinol Oxypurinol 
Oxypurinol Oxypurinol 


less than 1 of 1,000 triamterene-treated patients develop 
stones. This clearly suggests the role of favoring factors. 
Besides excessive daily dose of the drug (150-200 mg/day), 
a low urine pH is also a risk factor. Moreover, because a low 
urine pH simultaneously favors the formation of uric acid 
stones,'”!* often, triamterene-containing calculi also contain 
uric acid, as observed by Ettinger et al.* and in our patients. 
The incidence of triamterene-induced renal calculi mark- 
edly declined in recent years, due to better awareness of the 
lithogenic risk of triamterene’’ and to the availability of new 
antihypertensive drugs, including other potassium-sparing 
drugs devoid of lithogenic effects, such as amiloride.” In any 
case, triamterene therapy should be avoided in patients with a 
history of nephrolithiasis, especially uric acid nephrolithiasis. 


19.5.2 Protease Inhibitors 


Shortly after its introduction in the tritherapy of HIV infec- 
tion in 1995, indinavir rapidly became the commonest cause 
of drug-induced stones in the past decade. Subsequently, 
other protease inhibitors have been reported to induce crys- 
talluria and stones, although less frequently than indinavir 
because of their much lower daily dose. 

Incidence of stones in indinavir-treated patients is as high 
as 10-20%! or even 40%. Indinavir-associated stones 
present with typical renal colic, or only loin pain or dysu- 
ria.°°** Pure indinavir calculi are totally radiolucent on kid- 
neys, ureters, and bladder (KUB), and also on computed 
tomography (CT), unless CT scan is contrast-enhanced.” 
Indinavir-containing stones are rather small (2—6 mm in diam- 
eter) with a beige, rough surface; they are composed of large 
rods with a radiating organization of the crystals (Fig. 19.1b). 
FTIR and mass spectroscopy showed indinavir in stones in the 
form of indinavir monohydrate, the unchanged form, admixed 
with variable amounts of proteins in about 70% of cases, and 
with calcium oxalate or phosphate in 30% of cases.! 

Most indinavir-containing stones are passed spontaneously. 
However, stone extraction may require intervention of the 
urologist, preferably by means of ureteroscopy or ureteral 
stenting, because extracorporeal shock wave lithotripsy 
(ESWL) is often ineffective due to the high protein content 
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Fig.19.1 (a) Stone fragments composed of triamterene and metabolites. 
(b) Stone fragments composed of indinavir monohydrate crystals mixed 
with proteins. (c) Indinavir monohydrate crystals observed in urine using 


and loose structure of indinavir calculi.*°*! Often, a transient 
increase in serum creatinine is observed during stone 
episodes.”*** In some cases, impaired renal function persisted 
despite relief of obstruction and discontinuation of the drug.” 


polarized light microscopy. (d) Acyclovir crystals observed in urine 
using polarized light microscopy. (e) Atazanavir stone. (f) Atazanavir 
crystals observed in urine using polarized light microscopy 


In addition to stones, several cases of acute renal failure 
have been reported, associated with heavy indinavir crystal- 
luria.” In such cases, FTIR of kidney biopsy showed multiple 
indinavir crystals in collecting ducts.“ 
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The frequent development of stones in indinavir-treated 
patients reflects the very frequent induction of crystalluria, in 
as much as indinavir crystals (Fig. 19.1c) are especially large 
(100-500 um) and needle-shaped,* and therefore are prone to 
obstruct renal tubules. Indinavir crystalluria results from the 
high amounts of indinavir excreted by renal route, and its very 
weak solubility in urine at its usual pH. Indeed, the standard 
schedule consists of three oral doses of 800 mg per day, of 
which 20% are excreted via renal route within 24 h, with an 
excretion peak in the 3 h following each daily administra- 
tion.” Therefore, urinary indinavir concentration in the 3 h 
following a 800 mg dose may be as high as 200-300 mg/L 
when a daily urine output is about 1,500 ml,” whereas indina- 
vir solubility is only 35 mg/L at urine pH 6.0 and reaches 300 
mg/L or more only when urine pH is below 5.0.*’ It results 
that indinavir crystalluria is a very frequent finding in indina- 
vir-treated patients.7*?°"*? We found indinavir crystals in 34% 
of urine samples taken within 3 h of the first indinavir morn- 
ing dose of 800 mg, with a clear influence of urine pH.” 

Additional risk factors for stone formation are episodes of 
dehydration, such as those provoked by severe diarrhea, a 
frequent symptom in acquired immunodeficiency syndrome 
(AIDS) patients,” concomitant administration of other anti- 
viral drugs such as acyclovir” or cotrimoxazole,” which 
may also crystallize in the kidney (Fig. 19.1d), coinfection 
with hepatitis B or C virus,“ or excessive dosing of indinavir 
in patients with a low body mass."! 

Prevention of indinavir-induced stones relies on simple, 
easily implemented measures: ingestion of 150 ml water 
when taking each dose of the drug and hourly in the follow- 
ing 2 h”! and preferred use of acidifying beverages such as 
colas, either regular or diet, which contain phosphoric acid. 
Therapeutic protocols for HIV with reduced doses of indina- 
vir in association with ritonavir, another antiprotease with 
much less crystalluria risk, may be used as an alternative. 

Other antiproteases are less frequently involved in stone 
formation. Nelfinavir* and tenofovir" have been reported as 
the cause of stones. More recently, several cases of crystal 
nephropathy* or of nephrolithiasis***” have been reported 
in HIV-positive patients treated with atazanavir (Fig. 19.le 
and f). Incidence of this cause of drug-induced stones is 
increasing in our experience. 

Efavirenz, an antinucleosidic molecule used in the treat- 
ment of HIV-positive patients, was described as metabolites 
in urinary stones.**“° 


19.5.3 Sulfonamides 


First-generation sulfonamides were early shown to provoke 
drug-induced stones,*””' or acute renal failure episodes caused 
by massive crystal precipitation.’*? Indeed, sulfonamides are 


excreted by the kidneys mainly in the form of N-acetyl metab- 
olites,* all of which are poorly soluble. Subsequently, new 
antibacterial agents were developed, thus resulting in 
decreased use of sulfonamides. However, in the recent decade, 
a resurgence of sulfonamide-induced stones took place with 
the widespread use of sulfadiazine for the treatment of 
encephalic toxoplasmosis, a common localization of this 
opportunistic infection in HIV-positive patients, because the 
drug readily crosses the blood-brain barrier. In this indica- 
tion, sulfadiazine is used at very large doses (4—8 g/day), thus 
resulting in heavy crystalluria, especially if urine pH and 
urine output are low.” Stones formed in sulfadiazine- 
treated patients are mostly made of N-acetyl-sulfadiazine 
(Fig. 19.2a), present in the nucleus of 93% of stones in our 
patients.' Of note, N-acetyl-sulfadiazine crystals are needle- 
shaped and form large aggregates that are likely to form cal- 
culi or obstruct tubular lumens (Fig. 19.2b). 

Other sulfonamides used in other indications are less 
lithogenic. Sulfasalazin, used in patients with Crohn’s dis- 
ease and ulcerative colitis at doses of 4-8 g/day, has caused 
stones” or acute renal failure” in some patients. 

Sulfamethoxazole, a component of the antibacterial agent 
cotrimoxazole, induces frequent crystalluria but infrequently 
results in nephrolithiasis.°*°* In the study by Albala et al., 
N-acetylsulfamethoxazole was the main component of such 
stones. Crystals of N-acetylsulfamethoxazole are of small 
size and of round or losangic shape, and are thus easily 
passed in urine.” This likely explains why stone formation is 
infrequent despite the wide use of this antibacterial agent.! 

Fortunately, sulfonamides are highly soluble in alkaline 
urine. Thus, active alkalinization is the cornerstone of curative 
and preventive therapy, in association with high urine output. 


19.5.4 Other Antibacterial Agents 


A number of antibacterial agents (listed in Table 19.1) have 
been reported to cause nephrolithiasis. They include quinolo- 
nes such as flumequine,” oxolinic acid, ciprofloxacin“ and 
norfloxacin,! aminopenicillins such as amoxicillin and ampi- 
cillin,“ cephalosporins such as ceftriaxone (especially in 
children), phenazopyridine,” or nitrofurantoin.©’ However, 
such cases are very infrequent and occurrence of stones in 
these patients suggests the intervention of favoring factors, 
such as unusually high daily dose, prolonged administration, 
and low urine pH, except with regard to fluoroquinolones 
such as ciprofloxacin or norfloxacin, which rather crystallize 
in alkaline urine.“ 

Crystals of quinolones and aminopenicillins are large and 
needle-shaped, thus favoring crystal aggregation and stone 
formation (Fig. 19.2c and d). 
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(a) N-acetylsulfadiazine stones spontaneously passed. 
(b) N-acetylsulfadiazine crystals observed in urine using polarized light 
microscopy. (c) Ciprofloxacin crystals (magnesium salt) observed in 
urine using polarized light microscopy. (d) Amoxicillin trihydrate crystals 


A variety of drugs occasionally induce drug-containing 
stones (reviewed by Daudon and Jungers'). 


M. Daudon and P. Jungers 


observed in urine using light microscopy. (e) Section of an ammonium 
hydrogen urate stone induced by laxative abuse. (f) Renal stones com- 
posed of a mixture of xanthine and oxypurinol in a child treated with 
allopurinol for Lesch-Nyhan syndrome 


Magnesium trisilicate, component of a number of antacid 
preparations, when administered for long periods, has been 
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reported to cause the formation of stones made of pure 
amorphous silicon dioxide, with about 30 cases reported 
worldwide." Several cases of calculi have been observed 
in babies receiving colloid silica (Gelopectose®) in their 
feeding bottle as a milk thickener to prevent esophageal 
regurgitation.”' Opaline silica was found in the core of all 
calculi." In Japan, silicate calculi observed in adult sub- 
jects, as well as in an infant, were attributed to the consumption 
of silicate-rich water.” 


19.5.5.2 Glafenine 


Glafenine, an amino-4-quinoleine derivative widely used as 
an analgesic in some European countries in the past decades, 
was responsible for about 40 cases of nephrolithiasis until its 
withdrawal in 1992.1! 


19.5.5.3 Oxypurinol, Allopurinol, and Xanthine 


Calculi made of oxypurinol admixed with allopurinol or xan- 
thine may develop in children treated with high doses of 
allopurinol for the Lesch-Nyhan syndrome.*”*”> Oxypurinol 
stones developed in a patient treated for recurrent uric acid 
nephrolithiasis complicating ileostomy.” 


19.5.5.4 Guaifenesin, Ephedrine, 
and Other Stimulants 


Guaifenesin, a popular over-the-counter expectorant and 
cough-suppressant drug, has been reported as a cause of cal- 
culi following its excessive consumption as a stimulant, most 
often in preparations also containing ephedrine as deconges- 
tant.” Stones contain metabolites of guaifenesin.” Severe 
complications resulting from overdosing in infants and young 
children have been reported.” 

Ephedrine, a naturally occurring alkaloid, is associated 
with guaifenesin in a number of antitussives and expecto- 
rants. It is also the active component of the popular 
Chinese herbal product Ma-huang (Ephedra sinica)* used 
for weight loss, energy, sexual enhancement, and eupho- 
ria. This preparation has been responsible for multiple 
adverse effects, including hepatic and cardiovascular, 
some of which have been fatal. Hundreds of cases of 
nephrolithiasis have been reported in the US. Stones con- 
tain ephedrine, norephedrine, and pseudoephedrine. In a 
patient, dissolution of such stones could be obtained by 
alkalinization.®' Abuse of ephedrine and guafenesin taken 
individually or in combination results in nearly 35% of 


drug-induced stones, and accounts for 0.1% of all urinary 
stones in the US.* 


19.6 Metabolically Induced Renal Stones 


Drugs shown to induce formation of stones as a result of 
their metabolic effects are summarized in Table 19.2. These 
stones may be categorized into two main types: 


e Stones made of calcium oxalate or phosphate 
e Radiolucent stones made of purine derivatives 


19.6.1 Calcium-Containing Stones 


19.6.1.1 Calcium and Vitamin D Supplementation 


Calcium and even more vitamin D supplementation may 
induce hypercalciuria and calcium oxalate stone formation, 
especially in patients having underlying idiopathic hyper- 
calciuria.® In a randomized study including 36,282 post- 
menopausal women, participants assigned to receive daily 
1,000 mg of calcium plus 400 IU of vitamin D had, as 
expected, a lower incidence of hip fractures than women 
who received the placebo, but the risk of renal calculi was 
17% higher. This observation is of clinical relevance, 
because combined calcium and vitamin D supplementation 
appears to be increasingly prescribed to prevent osteoporo- 
sis in postmenopausal women, due to the growing reluctance 
to use hormonal substitutive treatment. Unsupervised vita- 
min D supplementation is also frequently given to children 
and adolescents, with an increased risk of calcium oxalate 
dihydrate stone formation. We observed in the recent years 
an increasing number of weddellite stones (indicative of 
hypercalciuria) in young adults and in postmenopausal 
women." In order to prevent this complication, urinary cal- 
cium excretion should be measured before initiation of such 
therapy and monitored while under treatment. In patients 
with hypercalciuria, calcium-vitamin D supplementation 
should be preferably avoided or discontinued, or combined 
with a thiazide diuretic, which reduces urinary excretion of 
calcium.** 

Some patients on maintenance hemodialysis or peritoneal 
dialysis formed calculi made of calcium oxalate monohy- 
drate admixed with a large proportion of proteins after vita- 
min D supplementation aimed at preventing hypocalcemia.***” 
In these patients, the vitamin D-induced increase in urinary 
calcium concentration, in the face of a high oxalate concen- 
tration, resulted in calcium oxalate supersaturation and for- 
mation of whewellite stones.” 
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Table 19.2 Drug-induced metabolic stones 


Drugs 


Radioopaque stones 

Calcium/vitamin D supplements 

— In patients with normal kidney function 
— In end-stage renal disease 


Carbonic anhydrase inhibitors: acetazolamide, methazolamide, 
dorzolamide, dichlorphenamide, zonisamide, topiramate... 


Piridoxilate 

Furosemide 

Carbonate or hydrogenocarbonate-containing drugs (high doses) 
Corticosteroids 

Ascorbic acid 

Naftidrofuryl oxalate 

Nimesulide 


Antibiotics (long treatments) 


Alkalizing drugs: sodium or potassium hydrogenocarbonate, other carbonates 


Radiolucent stones 
Laxatives 
Uricosuric drugs 
Allopurinol 
Alkalizing drugs 


Acidifying drugs: ammonium chloride, phosphoric acid... 


Stone composition 


Mixtures of calcium oxalates and phosphates 
Whewellite mixed with proteins 


Calcium phosphates with or without calcium oxalates 


Whewellite and calcium oxalate trihydrate 

Calcium oxalates with or without calcium phosphates 
Calcite mixed with calcium phosphates 

Mixtures of calcium oxalates and calcium phosphates 
Calcium oxalates 

Calcium oxalates, mainly whewellite 

Calcium oxalates 

Calcium oxalates 


Calcium phosphates 


Ammonium hydrogen urate + uric acid + calcium oxalates 
Uric acids 
Xanthine (+ oxypurinol) 


Sodium hydrogen urate, sodium and potassium urate, 
potassium hydrogen urate, ammonium hydrogen urate... 


Uric acids 


19.6.1.2 Carbonic Anhydrase Inhibitors 


Carbonic anhydrase inhibitors are widely used in the treat- 
ment of glaucoma, and of epilepsy either in monotherapy or 
as an adjunct to other anticonvulsants.” In patients with 
glaucoma, treatments with acetazolamide**** and its ana- 
logues, methazolamide”’ or dorzolamide”’ are complicated 
by nephrolithiasis in about 10% of cases. Stones are predom- 
inantly made of calcium phosphate.” This composition is in 
keeping with the biochemical changes induced by these 
drugs. Indeed, carbonic anhydrase inhibitors block the reab- 
sorption of bicarbonate ions in the proximal convoluted 
tubule and inhibit the excretion of hydrogen ions, thus induc- 
ing intracellular acidosis with increased tubular citrate reab- 
sorption and hypocitraturia. Patients treated with carbonic 
anhydrase inhibitors exhibit decreased plasma bicarbonate, 
marked hypocitraturia and hypercalciuria, and elevated urine 
pH,°*'™ all conditions which favor the precipitation of cal- 
cium phosphate, mainly in the form of carbapatite.' Patients 
with a history of nephrolithiasis or with underlying idio- 
pathic hypercalciuria are especially susceptible to this com- 
plication. Prevention of stone recurrence is difficult if 
maintaining the drug is necessary. Fortunately, alternative 
treatments are now available. 


Topiramate and zonisamide are newer neuromodulatory 
agents, widely used in the treatment of epilepsy.'°'” 
Topiramate has been shown to induce the frequent formation 
of calcium phosphate stones,''° whereas incidence of 
stones in patients treated with zonisamide seems to be 
lower.” Topiramate inhibits the activity of carbonic anhy- 
drase enzymes in the kidney. Patients treated with the drug 
exhibit reduced serum bicarbonate level, hypocitraturia, 
hypercalciuria, and high urine pH, with increased saturation 
ratio for brushite.'°°'°*''° Therefore, patients treated with 
these drugs should have regular urine biochemistry surveil- 
lance.'°*''° Tf renal stones occur, drug discontinuation should 
be the preferred measure.'™ 


19.6.1.3 Furosemide 


Furosemide used in premature neonates or in infants with 
congestive heart failure may induce nephrocalcinosis and 
formation of stones made of calcium oxalate, either pure or 
admixed with calcium phosphate,'''!!° with a strikingly 
increased calcium excretion. ESWL with adapted technology 
has been successfully used in small infants with persistent 
stones. Medullary nephrocalcinosis has been reported in 
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18 women who had long-term furosemide abuse for the pur- 
pose of slimming.''* However, no cases of calcium nephro- 
lithiasis have been reported in hypertensive patients treated 
with furosemide. 


19.6.1.4 Antibacterial Agents in Cystic Fibrosis 


Repeated, long-standing antibacterial treatments in patients 
with cystic fibrosis provoke decolonization of Oxalobacter 
formigenes, a gut commensal that degrades oxalate ions in 
the colon lumen, thus resulting in overabsorption of oxalate 
and hyperoxaluria. This factor may explain, at least in part, 
the frequent occurrence of calcium oxalate stones (or 
nephrocalcinosis) in cystic fibrosis patients.''''® Most 
patients with cystic fibrosis exhibit hyperoxaluria and 
hypocitraturia, these anomalies being more marked in 
those affected by stone formation or nephrocalcinosis.'!7-!”° 
Absence of Oxalobacter formigenes in the gut may also be 
a favoring lithogenic factor in idiopathic calcium stone 
formers.!!*!?! 


19.6.1.5 Other Drugs 


Antacid preparations in prolonged use as self-medication 
before the era of gastric proton-pump inhibitors induced the 
formation of stones,!*? made of mixtures of calcium carbon- 
ate and calcium phosphate.! 

Corticosteroid therapy induces hypercalciuria and hyper- 
phosphaturia, although formation of urinary calculi is 
infrequent.!**!** 

Ascorbic acid (vitamin C) overdosing increases urinary 
oxalate excretion!” and therefore may result in calcium 
oxalate nephrolithiasis.'*? However, epidemiological studies 
failed to observe an association between high vitamin C 
ingestion and incidence of stones, both in men!” and in 
women.” Traxer et al.'*° found a greater increase in urinary 
oxalate excretion following oral intake of 2 g/day vitamin C 
or more in stone formers. This suggests that certain people 
have a peculiar susceptibility to the metabolic effects of 
ascorbic acid. 

Naftidrofuryl oxalate has been shown to induce hyper- 
oxaluria and formation of calcium oxalate stones after 
long-term oral therapy, especially in elderly patients.'*° 
One may mention that piridoxilate, a vasodilatory drug 
made of an equimolar combination of glyoxylate and 
pyridoxine, widely used in some European countries in 
the 1970s and 1980s for the treatment of coronary and 
peripheral artery disease, was responsible for more than 
100 cases of calcium oxalate nephrolithiasis'*! or even 


nephrocalcinosis.'** These untoward effects led to the 
withdrawal of this drug. 


19.6.2 Purine-Containing Stones 


19.6.2.1 Laxative Abuse 


Laxative abuse as self-medication in anorectic women may 
provoke the formation of radiolucent calculi made of ammo- 
nium urate.'!**'** Such stone composition with peculiar mor- 
phologic characteristics (Fig. 19.2e) should alert to the hypothesis 
of laxative abuse, often associated with diuretic abuse. 


19.6.2.2 Uricosuric Drugs 


Uricosuric drugs such as benziodarone, benzbromarone, 
probenecid, or tienilic acid (ticrynafen) reduce hyperurice- 
mia by enhancing urinary urate excretion, and thus entail the 
risk of uric acid nephrolithiasis in patients who already had 
uricosuria.'** Use of xanthine oxidase inhibitors, such as 
allopurinol, oxypurinol, or febuxostat'** should be preferred 
in patients with hyperuricosuria, a history of stones, or con- 
comitant use of diuretics.'*° 


19.6.2.3 Allopurinol 


Allopurinol has been reported to induce the formation of 
xanthine calculi in patients with massive hyperuricaemia 
and hyperuricosuria, as in the Lesch-Nyhan syndrome, when 
treated with high doses.”’>'*”'*8 Indeed, all stones resulting 
from treatment of Lesch-Nyhan syndrome with allopurinol 
contain xanthine mixed with oxypurinol (Fig. 19.2f). 


19.6.2.4 Urine pH Modifiers 


Urinary acidification by means of ammonium chloride or 
phosphoric acid may induce formation of uric acid calculi 
when the urine pH is consistently maintained below 5.2.' 
Conversely, alkalinization used in the treatment of uric acid 
nephrolithiasis sometimes results in the coating of uric acid 
calculi by poorly soluble urate salts such as sodium urate 
monohydrate, sodium potassium urate, calcium urate 
hexahydrate, or ammonium urate, especially in patients 
with uricosuria and a low diuresis or a high urinary concen- 
tration of sodium, potassium, or other cations.! 
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Table 19.3 Pathological conditions susceptible of leading to drug-induced nephrolithiasis 


Pathological condition 


Acute or chronic infections Sulfonamides 
Aminopenicillins 
Quinolones 

Specific diseases 

HIV infection Antiproteases 

Efavirenz Antinucleosidic drugs 


CNS toxoplasmosis Sulfadiazine 


Potentially lithogenic therapy 


Stone composition 
DC? (N-acetyl derivatives) 
DC? (native drug) 


DC? (native drug or magnesium salt) 


DC? (indinavir, atazanavir, other) 
DC? (metabolites) 
DC? (N-acetylsulfadiazine) 


Cystic fibrosis Decolonisation of Oxalobacter formigenes DI (calcium oxalate) 
(multiple antibacterial courses) 
Hypertension Triamterene DC? (triamterene and metabolites) 
Glaucoma Acetazolamide, methazolamide, dorsolamide, DI (calcium phosphate) 
dichlorphenamide, other 
Epilepsy Topiramate, zonisamide DI (calcium phosphate) 
Osteoporosis Calcium, Vitamin D DI (calcium oxalate + calcium phosphate) 
Constipation, laxative abuse Laxatives DI (ammonium urate) 
Cough and cold preparations Guaifenesin DC? (calcium salt of a metabolite) 
Stimulant abuse Guaifenesin/Ephedrine DC? (calcium salt of a metabolite/ephedrine) 
Preterm born babies Furosemide DI (calcium oxalate + calcium phosphate) 
Congestive heart failure in infants Furosemide DI (calcium oxalate + calcium phosphate) 
Diuretic abuse Furosemide DI (calcium oxalate + calcium phosphate) 


Gouthy diathesis 


DC drug-containing stones, DI metabolically drug-induced stones 
‘Specific diagram at FTIR or X-ray diffraction 


Uricosuric drugs 


19.7 Diagnosis and Prevention 


Incidence of drug-induced calculi is probably underestimated. 
As mentioned earlier, diagnosis is obvious whenever X-ray 
diffraction or FTIR analysis of a stone reveals a foreign com- 
ponent identified as a drug or its metabolites. In the case of 
metabolically induced calculi, the iatrogenic origin of stones 
is much less apparent. History of the patient, including record 
of all prescribed or self-administered drugs taken in the period 
preceding onset of stones, is the only way to identify the drug- 
induced origin of a stone of common composition and appar- 
ent idiopathic nature. In this situation, diagnosis should be 
oriented by the clinical context. For instance, a patient suffer- 
ing from epilepsy should be asked if he (or she) received in the 
past, or is currently treated with, drugs such as topiramate. 

Table 19.3 presents a tentative list of various diseases or 
conditions that may lead to therapy with drugs having a 
lithogenic potential, which may serve as a check-list for use 
in clinical practice. 


19.8 Conclusions 


Drug-induced calculi, although they represent less than 2% 
of renal stones, merit consideration because they are fre- 
quently underdiagnosed and will provoke relentless stone 
formation until the lithogenic drug has been discontinued. 


DI (uric acids) 


The nature of drugs responsible for iatrogenic stones 
evolved with time. Three decades ago, triamterene was the 
leading cause. Nowadays, treatments of HIV infection/AIDS 
and associated cerebral toxoplasmosis are the most frequent 
causes of drug-containing calculi. Worthy to mention, abuse 
of over-the-counter preparations containing ephedrine or 
guaifenesin is also currently a frequent cause of undue stones. 
Infrared spectroscopy is the most efficient method to identify 
drug-containing calculi. However, only careful clinical 
inquiry may diagnose stones of common composition result- 
ing from the metabolic effects of drugs. Better awareness of 
potentially lithogenic drugs and careful surveillance of 
patients on long-term treatments with such drugs will allow 
early diagnosis of iatrogenic stones and prevention of this 
complication. 
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Endemic Bladder Stones 
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Abstract The bladder is the most commonly affected site for stone formation in the lower 
urinary tract. The incidence of vesical calculi has declined significantly in the last 50 years in 
developed countries due to improvements in nutrition and diet. Bladder calculi can be classi- 
fied as primary idiopathic/endemic, migrant, and secondary calculi. Primary idiopathic/ 
endemic bladder calculi are those calculi that form typically in children, in absence of bladder 
outlet obstruction/neurogenic bladder leading to urinary stasis, urinary tract infection, or for- 


eign body. 


20.1 Introduction 


Bladder calculi have affected mankind for many centuries. 
The bladder is the most commonly affected site for stone 
formation in the lower urinary tract. The incidence of vesical 
calculi has declined significantly in the last 50 years in devel- 
oped countries due to improvements in nutrition and diet. 
Presently, bladder calculi account for 5% of all urinary tract 
calculi in adults. 

Bladder calculi can be classified, according to underlying 
etiology, as primary idiopathic/endemic, migrant, and sec- 
ondary calculi. Migrant bladder calculi develop in the upper 
urinary tract, migrate into the bladder, and are subsequently 
retained in the bladder. The primary etiology of these stones 
is due to metabolic factors associated with formation of renal 
stones. The secondary calculi form due to urinary stasis, 
recurrent urinary tract infection due to bladder outlet obstruc- 
tion/neurogenic bladder, and foreign bodies. The primary 
idiopathic/endemic bladder calculi are those calculi that form 
typically in children, in absence of bladder outlet obstruc- 
tion/neurogenic bladder leading to urinary stasis, urinary 
tract infection, or foreign body. 
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20.2 Epidemiology 


Endemic bladder calculi virtually disappeared from Northern 
Europe during the late nineteenth century? and from 
Southern Europe by 1970.° The endemic bladder calculi have 
become rare in developed countries due to industrialization 
and improvement in nutrition and diet. The incidence of 
these stones is very low in Central and South America, and 
Central and South Africa. However, these stones remain an 
important cause of morbidity in an endemic belt extending 
from the Middle East across India and Thailand to Indonesia, 
including North Africa, whose economies are primarily 
dependent on agriculture. This belt includes Algeria, Sub- 
Saharan Africa, Rwanda, Ethiopia, Sudan, and Egypt, 
through Iraq, Iran, Afghanistan, India, Southeast Asia, and 
Indonesia. The stones are more common in India in the 
northern and western regions as compared to southern and 
eastern regions. The incidence of endemic bladder calculi 
was high in children living in rural areas of India until 1980. 
However, this incidence has decreased in the last few years 
due to better nutrition and diet. There is a simultaneous 
increase in upper urinary tract stones.”"'? The incidence has 
decreased in the Philippines, Taiwan, and Singapore.'*'° 
However, these stones have also been found in the western 
Australian region, especially in aboriginal children.'° These 
stones are typically found in infants and children of lower 
socioeconomic status. Children younger than 10 years are 
most commonly affected, with a peak incidence around 
3 years. The male-to-female ratio is 10:1.8°'’ 
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20.3 Etiopathogenesis 


The composition of endemic bladder calculi includes most 
commonly ammonium acid urate alone, or in combination 
with calcium oxalate, but may also contain calcium phos- 
phate. These stones form mainly due to dietary and nutri- 
tional deficiencies in these children, who are fed with a 
cereal-based diet (low protein, high carbohydrate diet), 
lacking in animal proteins." The cereals commonly used 
are whole wheat flour, millet, and rice. The animal proteins 
constitute less than 25% of total protein intake in these chil- 
dren. Endemic bladder calculi are more prevalent at low 
levels of animal protein intake, as compared to upper uri- 
nary tract stones in adults.” A study has related hospitaliza- 
tion rates due to bladder stones to average protein intake of 
the respective country. There is an increasing incidence of 
bladder calculi in children, as animal protein intake falls 
below 40 g/day. As animal protein intake increases to more 
than 40 g/day, incidence of bladder stones decreases; how- 
ever, incidence of upper tract stones increases in adults 
worldwide. '® 

Human breast milk and cereals are deficient in phospho- 
rus, as compared to cow’s milk. Therefore, a high cereal/low 
animal protein diet is acidogenic and low in phosphate. This 
causes a decrease in urinary phosphate concentration, which 
is insufficient to buffer relative high excretion of hydrogen 
ions. Therefore renal ammonia production increases. The 
other contributing factors include: decrease in urinary vol- 
ume due to chronic diarrhea/poor water supply/high ambient 
temperature; increased urinary uric acid concentration due to 
rapid tissue turnover in children (which falls back to normal 
adult concentration by the age of 10 years); deficiencies in 
vitamin A, B1, B6, and magnesium. All these factors result 
in supersaturation of urine by ammonium acid urate, leading 
to risk of crystalluria. These crystals aggregate in the bladder 
forming ammonium acid urate stones, instead of the upper 
urinary tract, because urinary stasis occurs in the bladder for 
some time. Also, a diet low in calcium, such as rice, little or 
no milk, and soft water, would cause hypocalciuria, leading 
to precipitation of ammonium acid urate in vitro.” 
Additionally, high intake of green leafy vegetables contain- 
ing high levels of oxalate causes increases in urinary oxalate 
concentration. Therefore, these children have crystalluria of 
both ammonium acid urate and calcium oxalate, leading to 
formation of mixed ammonium acid urate and calcium 
oxalate stones. "6 

The predisposing risk factors are listed in Table 20.1, and 
the etiopathogenesis is summarized in Fig. 20.1. 

Endemic bladder calculi are more prevalent in boys as 
compared to girls. Boys have a longer urethra that is more 
tortuous, containing narrow regions, therefore less likely to 
pass any crystals and aggregates formed in the bladder. 
Therefore, boys are more predisposed to bladder stones 


Table 20.1 Predisposing risk factors 


1. Hot climate 

2. Chronic diarrhea/dehydration states 

3. Cereal-based diet: low phosphate, acidogenic 

4. Decreased animal milk intake (less than 25% of total protein 
intake): low phosphate, calcium 

. Increased oxalate consumption (green leafy vegetables) 

. Nutritional deficiency of vitamin A, B,, B,, and magnesium 

. Male sex: longer, tortuous urethra 

. Increased tissue turnover in children younger than 10 years 


O NDUM 


formation. However, girls have a short, non-tortuous ure- 
thra, therefore more likely to pass crystals formed in the 
bladder.*?:"” 


20.4 Clinical Presentation 


Endemic bladder stones are commonly found in infants and 
children of less than 10 years of age, with a male-to-female 
predisposition of 10:1. The clinical presentation may be in 
the form of passage of cloudy, sandy urine, indicating early 
stages of stone formation. The symptoms may be relieved 
by making a recumbent position. Other presenting features 
include interruption of urinary stream intermittently, with 
increase in terminal dysuria, caused due to impaction of 
stone at the bladder neck. Other clinical features include 
lower abdominal pain referring to tip of penis, scrotum, 
perineum, or hip; pain may be of varying intensity, increas- 
ing by sudden movements; pulling and rubbing of penis; 
frequency, intermittent dysuria, hematuria, and dribbling of 
urine. The smaller calculi may pass spontaneously; how- 
ever, larger stones may cause acute urinary retention 
(although rare). The repeated straining during voiding can 
give rise to rectal prolapse and conjunctival hemorrhages. 
The symptoms may be present from a few days to several 


years. 2217 


20.5 Diagnosis 


Endemic bladder calculi are usually solitary.”'’ A detailed 
clinical history including the dietary history will help in iden- 
tifying predisposing risk factors (listed in Table 20.1), as well 
as ruling out underlying pathology; e.g., neurogenic bladder, 
posterior urethral valves, urinary tract infection. The clinical 
symptoms may simulate a urinary tract infection/inflamma- 
tory pathology. Urine routine microscopy and culture sensi- 
tivity should be done to rule out urinary infection, and also to 
detect urine pH, presence of red blood cells, and crystals. 
A plain X-ray KUB (kidney, ureter, and bladder) region 
(after adequate bowel preparation) can detect a radio-opaque 
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Cereal based diet with decreased animal proteins 
intake (whole wheat, flour millet, rice) 


Deficiency of animal proteins and phosphates 


— Hot climate 

— Chronic 
dehydration/diarrhea 

— Excessive oxalate intake 
— Deficiencies of vitamin 
A, B1, B6, Mg 

— Increased tissue turn over 
in children <10 years 


Ammonia excretion 


i ; Decreased urine 
in urine 


phosphate excretion 


| Urine productio 
| Urine pH 


? Urine concentration of uric 
acid, calcium oxalate 


Male sex: longer, 


tortuous urethra 


Precipitation of insoluble salts in 

urine in bladder (ammonium acid 
urate, calcium oxalate, mixture of 
these two) 


Endemic bladder calculi 


Fig. 20.1 Pathophysiology of endemic bladder stones 


bladder calculus. However, some stones can be missed due to 
their radiolucent nature and poor bowel preparation with 
overlying gas shadows. A pure ammonium acid urate calcu- 
lus is radiolucent. However, calcium oxalate stones or mixed 
ammonium acid urate and calcium oxalate calculi are radio- 
opaque. These stones can also be diagnosed using an ultra- 
sound of the KUB region, which can also help in ruling out 
causes of secondary bladder stones. However, this is operator 
dependent. An intravenous urogram can detect a radiolucent 
calculus as a filling defect in a partially filled bladder. Non- 
contrast computed tomography (NCCT) of the KUB region 
can detect both radiolucent and radio-opaque bladder calculi. 
It can also predict the composition of bladder stone depend- 
ing on the Hounsefield unit value of stone density. Cystoscopy 


is considered to be the most accurate examination to diag- 
nose a bladder stone.!?*.!” 


20.6 Treatment 


Endemic calculi have a unique feature that they rarely recur after 
removal. The optimal treatment modality can be decided based 
on the following considerations: size and composition of stone, 
previous surgery on the lower urinary tract, patient morphology, 
compliance and follow-up risk, cost, available instrumentation, 
experience of the surgeon, along with risks and complications 
involved with a particular procedure for the patient. "2*7 
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Small calculi may pass spontaneously with adequate 
hydration, antispasmodic drugs, and analgesics. The patients 
are advised to eat a mixed cereal diet, along with milk protein 
supplements (animal protein >25% of total protein intake). 
The majority of cases require surgical intervention.'” 

Shockwave lithotripsy (SWL) can be considered in 
those children who are unfit for surgery due to coexisting 
comorbidities, and if parents refuse surgery. Multiple 
treatment sessions of SWL may be required to achieve 
stone-free status. The use of piezoelectric lithotripters 
and larger bladder calculi have shown lower success rates 
with SWL.!??7 

Endemic bladder calculi of less than 1 cm can be man- 
aged safely by transurethral cystolithotripsy. The small 
caliber penile urethra and concerns about iatrogenic ure- 
thral stricture make this procedure more difficult. 
However, the availability of newer, small-sized pediatric 
rigid/flexible cystoscopes, along with small-sized probes 
of pneumatic lithoclast and holmium: YAG laser for lith- 
otripsy (200/365 um), has made this procedure safer and 
easier. "? 

Percutaneous cystolithotripsy (PCCLT) is a safer alter- 
native with low morbidity and complication rates for large 
bladder calculi up to 5 cm in size. A suprapubic puncture 
is made under cystoscopic guidance. The tract is subse- 
quently dilated sequentially with amplatz fascial dilators. 
Using a 30 Fr amplatz sheath, a 26 Fr nephroscope can be 
passed into the bladder without urethral injury. The large 
and hard stones can be broken and removed in large frag- 
ments, thus decreasing the operating time. PCCLT has 
advantages of shorter hospital stay, better cosmesis, and 
decreased morbidity and wound infection as compared to 
open surgery.**-** 

Open cystolithotomy is recommended for multiple blad- 
der calculi, large bladder calculus >5 cm, and solitary blad- 
der stone of any size where PCCLT is not available. The 
poor socioeconomic status favors cost, and an assured 
stone-free status makes open surgery more popular in 
developing countries, rather than giving importance to inci- 
sion-free surgery. Moreover, the healing is much faster and 
less complicated in children, as compared to adults, leading 
to a shorter convalescence period. Open cystolithotomy has 
the problems of a long scar, prolonged catheterization, risk 
of infection, and increased hospitalization, as compared to 
PCCLT. It is still the main modality of treatment in devel- 
oping countries, in spite of development of miniature endo- 
scopes. A study comparing the efficacy of open 
cystolithotomy and cystolitholapaxy in pediatric patients 
with primary bladder calculi concluded that endourological 
procedures have a shorter hospital stay, similar operating 
time, but significantly more complications, as compared to 
open surgery. 


20.7 Conclusions 


A mixed cereal diet supplemented with animal milk/animal 
proteins, along with correction of dehydration/diarrhea, and 
avoiding excess oxalate consumption (green leafy vegeta- 
bles) can decrease the incidence of endemic bladder 
stones.*”:!7 
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Economic Implications of Medical 
and Surgical Management 


Walter Ludwig Strohmaier 


Abstract Urolithiasis is a considerable economic burden for the health systems, especially in 
industrialized countries where the incidence of stone disease increased continuously during the 
last decades, and probably will further increase for several reasons. The costs for surgical and 
medical treatment, as well as for diagnosis of stones, vary tremendously between the different 
health care systems. Several calculation models showed that metaphylaxis is not only medi- 
cally but also economically effective when used in a rational way. Rational metaphylaxis does 
mean that not every stone former is evaluated metabolically and given specific metaphylaxis. 
This is restricted to patients with a high risk for recurrence (brushite, uric acid, cystine and 
infected stones, patients with residual fragments after stone treatment, and recurrent calcium 
oxalate stone formers). For these patients, metaphylaxis is cost-effective in almost all health 
care systems, the amount of savings however being different. The savings increase even more 
when adding the economic loss by avoiding the missed days of work due to treatment of recur- 
rent stones. 


ESWL." ESWL is not without side effects.*” Twenty percent 
of all recurrent calcium stone formers eventually develop 
renal insufficiency.* Urolithiasis increases the risk for arterial 
hypertension.’ Apart from medical arguments for metaphy- 
laxis, the economic standpoint plays an ever-increasing role 
in developing therapeutic strategies. 


21.1 Introduction 


In industrial countries, the incidence of urolithiasis increased 
significantly during the last decades.’ In the USA, the expenses 
for the treatment of stone disease increased between 1994 and 
2000 by 50%.’ This is an enormous burden for health care 
systems. There are several reasons for this development. 
Extracorporeal shock wave lithotripsy (ESWL) has revolu- 
tionized the therapy of urolithiasis. It is a noninvasive treatment 
with only a few side effects.’ During the last decades, endo- 
scopic stone therapy evolved into a very effective, only mini- 
mally invasive treatment with a low complication rate as well. 
Regarding the ease of these therapies, many urologists 


21.2 Costs for Stone Removal 
(Surgical Management) 


Although its role is declining due to increasingly sophisti- 


have challenged the role of metabolic evaluation and meta- 
phylaxis in renal stone disease.* Why should we bother our 
patients with cumbersome dietary restrictions and medical 
treatment and not treat the recurrent stone when it occurs? 
A number of medical reasons speak well for stone meta- 
phylaxis: The recurrence rate is probably higher following 
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cated endoscopic treatment modalities, ESWL is still the 
treatment used most frequently. Originally, it was assumed 
that ESWL could save 40-140 million DM (i.e., 20—60 mil- 
lion €) in Germany. In 1986, however, it has already caused 
an increase in cost of 42 million DM (21 million €).!° So far, 
there were only few data on the actual cost for stone removal. 
Most of these were estimations. 

In 1995 (USA), the costs for the treatment of a ureter and a 
renal stone were estimated at 2,500 and 3,000 € respectively." 
Between 1994 and 2000, the total annual expenditure for stone 
treatment in the USA increased by 50%. In 2000, the total 
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costs were estimated at $2.1 billion annually.” By far the most 
of this was spent for surgical treatment (stone removal). Due 
to climate change, an increase in the prevalence of urolithiasis 
is predicted (about 4% per °C). Annual stone-related health 
care costs will increase by 25% in 2050 when compared to the 
present-day costs.!” 

For Sweden (1991), the average cost for renal/ureteral 
stone therapy was valued 2,900 € per episode." 

For Great Britain, another publication® assessed the average 
cost at 3,520 €. 

For the first time in Germany, some years ago we could 
obtain actual figures on the cost for stone treatment. In a 
district of a German social health care insurance company 
with 150,000 insured people, in 1997 the actual cost for 
inpatient renal and ureteral stone therapy was 5,907 € per 
case. In 1997, there were 426 patients off work in this dis- 
trict due to urolithiasis (N 20, ICD 10). This was about 300 
urolithiasis cases per 100,000 people. Of 426 patients, 293 
(68.9%) with renal stone disease were hospitalized; the oth- 
ers were treated on an outpatient basis. This is in accor- 
dance with a previous estimation of 75% of patients 
requiring hospitalization." 

In the USA, the number of stone patients per year is esti- 
mated at 485 of 100,000 people, a number that is in accor- 
dance to that found in Germany. In the USA, however, only 
140 admissions to hospital of 100,000 people were esti- 
mated (29%).'' In Sweden, during the early 1980s, 140 
stone formers of 100,000 people were seen — 38% requir- 
ing hospitalization." 

In Germany, the new reimbursement system with the intro- 
duction of diagnosis related groups (DRG) changed the situa- 
tion when compared to our calculation model mentioned 
previously. The costs now are related to stone location and 
treatment modality. For our hospital, the Klinikum Coburg, 
the reimbursement for ESWL is 1,394 €; percutaneous neph- 
rolithotomy (PCNL) 3,107 €; ureterorenoscopy (URS) in kid- 
ney stones 1,532 €; and URS for ureteral stones 1,632 €. The 
figures for PCNL and URS for ureteral stones can go up to 
4,487 and 2,771 € in complicated cases. Repeated treatments 
for the same stone will be reimbursed again when done 2 
weeks after the end of the first treatment. It is a paradox that 
reimbursement for the more complicated cases with flexible 
URS for kidney stones with expensive scopes and ancillary 
instruments is worse than for a standard rigid ureteroscopy for 
ureteral stones (concerning costs for flexible URS see below). 

The reimbursement, however, is different from hospital to 
hospital due to the individual “base rate.” This “base rate” is 
dependent on the budget for the year 1995. For many hospi- 
tals, the reimbursement for these treatments is about 15-20% 
higher than ours. In 2009, however, the “base rates” will be 
the same for all hospitals in one federal state. 


These different data clearly demonstrate that figures from 
one cannot be taken for calculation models in another health 
care system. Structures and expenses in the different health 
care systems vary considerably. This also applies to one and 
the same health care system when the rules for reimburse- 
ment are changed. 

Concerning the cost-effectiveness of the different treat- 
ment modalities, only some data exist. For large stag horn 
stones, PCNL has been shown to be more cost-effective than 
ESWL.'° For smaller stones (<1 cm), however, ESWL was 
better.” When regarding the cost-effectiveness, it should, 
however, be considered that the third-generation lithotripters 
most commonly used today, are less powerful than the first- 
generation machines. 

The progress in endoscopic stone therapy by using flexible 
scopes undoubtedly has increased success rates and lowered 
morbidity. On the other hand, the expenses for flexible uret- 
eroscopes and even more for disposable instrumentation are 
considerable. Collins et al.,!* calculated 52.000 £ for 100 
procedures (520 £ = 780 €), only for the scope and the ancil- 
lary instruments. 


21.3 Costs for Metabolic Evaluation 
and Metaphylaxis (Medical 
Management) 


Parks and Coe” calculated the cost-effectiveness of meta- 
phylaxis for patients attending their stone clinic: They found 
a reduction of about 2,800 € in costs for stone removal per 
patient. 

The Bonn group” showed that an effective metabolic 
evaluation and metaphylaxis lowered the recurrence rate by 
46%. This was achieved by an extensive metabolic evalua- 
tion program in every stone former. The costs for such a 
screening are 250-350 €" while the costs for drug treatment 
were estimated at 130 €, 350 €, and 13 € per patient per 
year.©!92! 

The benefit of such extensive programs, however, is ques- 
tionable. First, the overall recurrence rate in stone disease is 
50%. More than 50% of recurrent stone formers have only 
one recurrence during their life. Only less than 10% of recur- 
rent stone patients have more than three recurrences.” The 
figure of six or more recurrences over 30 years for one stone 
former*!? are derived from patients attending special refer- 
ring centers that are not representative for the average stone 
patient. 

Second, metabolic evaluation is not a good predictor for 
the risk of recurrence.'>***° 
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Third, from the therapeutic standpoint, such extensive 
programs are abundant. Many parameters do not result in 
consequences for therapy. In patients with a low risk for 
recurrence, the motivation to keep on a strict metaphylaxis 
regimen is low. 

Therefore, a more rational approach for metabolic evalu- 
ation and metaphylaxis'*’”°8 is reasonable. This approach 
should be oriented to the stone composition, recurrence rate, 
therapeutic consequences and expenses. It is the base for our 
following calculation model. 


21.4 Calculation Models: Comparison 
of Costs for Stone Removal Versus 
Metabolic Evaluation/Metaphylaxis 


The epidemiology of urolithiasis and costs for stone removal, 
metabolic evaluation, and metaphylaxis vary from country to 
country. Therefore, as shown by Chandhoke,” cost-effectiveness 
of metaphylaxis is dependent not only on stone frequency 
but also on the costs for the different treatment modalities, 
which can vary considerably between the national health 
care systems. 

Some years ago, we developed a calculation model that 
was based not only on estimations but on actual figures from 
a German social health care insurance company.” The prin- 
ciples of the following calculation model, however, are appli- 
cable to every health care system. Therefore it is reported 
here in more detail. 


21.4.1 Calculation Model: Comparison 
of Costs for Stone Removal Versus 
Metabolic Evaluation/Metaphylaxis 
in Germany 


21.4.1.1 Costs for Stone Removal 


The calculation model of the cost-effectiveness of metabolic 
evaluation and metaphylaxis (i.e., annual cost for stone 
removal vs. metabolic evaluation and metaphylaxis) is pre- 
sented with figures from Germany. Our model uses represen- 
tative figures for epidemiology and recurrence rates that are 
not derived from selected patients attending specialized 
referring centers. 

In Germany, the number of stone recurrence is about 
200,000 per year.***! According to figures from the previ- 
ously mentioned district of the German social health care 


insurance company (hospitalization rate 68.9%), the annual 
costs were 0.815 billion €. To avoid being blamed for taking 
the part for metaphylaxis, a hospitalization rate of only 50% 
is assumed for this calculation model. Thus, the annual costs 
for inpatient stone removal in recurrent stone formers are 
0.59 billion € in Germany. 

The actual costs for outpatient stone removal can hardly 
be calculated due to the structures of the Kassenärztliche 
Vereinigungen (i.e., associations of office physicians). 
According to the “EBM” (list of medical fees in the German 
social health care insurance system) it may be estimated, 
however, that the diagnosis of a stone episode and conserva- 
tive treatment aiming in spontaneous stone passage cost 
about 85 € and 8 € respectively. Thus, outpatient treatment of 
recurrent stone formers (i.e., 100,000 cases annually) costs 
about 9 million €. Expenses for active outpatient stone 
removal (e.g., ESWL, URS) are not considered. The number 
of such procedures is, however, low when compared to active 
stone removal on an inpatient base. 


21.4.1.2 Costs for Metabolic Evaluation/Metaphylaxis 


The rational and cost-effective metabolic evaluation and 
metaphylaxis program as outlined previously is oriented to 
stone analysis, recurrence rates, and risk factors with therapeutic 
implications. 

Special metaphylaxis seems to be justified in patients with 
the following types of stone disease: cystine, uric acid, cal- 
cium phosphate, and infected stones. In calcium oxalate 
stone disease, a special metaphylaxis program should be per- 
formed only in recurrent cases, since the recurrence rate is 
quite low. It is assumed that this program reduces recurrence 
by 40%, a figure somewhat less than that reported by Nolde 
etal.” 

In Germany, 335,000 stone episodes occur per year. 
Assuming 70% are calcium oxalate stones,” there are 
234,000 calcium oxalate stone episodes annually. Assuming 
a high recurrence rate of 50% (in order not to take the part for 
metaphylaxis, the calculation model uses this high figure for 
calcium oxalate stone recurrence rate), there are 117,000 
recurrent calcium oxalate stone formers per year. 

According to epidemiological data,” the following esti- 
mations are made for the other types of calculi: calcium 
phosphate stones 30,000; infected stones 20,000; uric acid 
stones 20,000; and cystine stones 1,000 annually. 

The rational evaluation program examines only the risk 
factors relevant for the respective type of stone disease 
(Tables 21.1—-21.5). The costs for this evaluation are also 
given there. The expenses are calculated according to the 
EBM. The value of one point can vary; an average value 
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Table 21.1 Cost for risk factor-oriented evaluation in cystine stone 
patients according to the EBM 


Parameter Points (EBM) 
Ordinations- u. 330 
Konsultationsgebiihr (fee for medical history, 

physical examination and counseling) 

Stone analysis 300 

Cystine (urine) 200 

pH (urine) — 

Creatinine (serum/urine)* 25 

Total 855 


For plausibility control of urine collection 


Table 21.2 Cost for risk factor-oriented evaluation in uric acid stone 
patients according to the EBM 


Parameter Points (EBM) 


Ordinations- u. 330 
Konsultationsgebühr 

Stone analysis 300 
Uric acid (serum/urine) 50 
pH (urine) — 
Creatinine (serum/urine) 25 
Total 705 


Table 21.3 Cost for risk factor-oriented evaluation in infected stone 
patients according to the EBM 


Parameter Points (EBM) 
Ordinations- u. 330 
Konsultationsgebiihr 

Stone analysis 300 

Bact. culture 240 
Susceptibility testing 250 
Creatinine (serum) 25 

Total 1,145 


Table 21.4 Cost for risk factor-oriented evaluation in calcium 
phosphate stone patients according to the EBM 


Parameter Points (EBM) 


Ordinations- u. 330 
Konsultationsgebiihr 

Stone analysis 300 
Jon.Ca (serum)/ 50 
Ca (urine) 

pH (urine) — 
Creatinine (serum/urine)* 25 
Citrate (urine) 225 
Total 955 


For plausibility control of urine collection 


Table 21.5 Cost for risk factor-oriented evaluation in calcium oxalate 
stone patients according to the EBM 


Parameter Points (EBM) 
Ordinations- u. 330 
Konsultationsgebiihr 

Stone analysis 300 

Ton.Ca (serum)/ 50 
Oxalic/uric acid (urine) 215 

Citrate (urine)/ 

Creatinine (serum/urine) PIS 

Total 1,230 


Table 21.6 Daily cost for drug therapy in stone metaphylaxis. Prices 
on the German market 


Drug Prices (€) 


Hydrochlorothiazide (50 mg) 0.20 
Alkali citrate (three tablets) 1.05 
Orthophosphate (six tablets) 0.65 
Allopurinol (300 mg) 0.10 
Tiopronin (1,000 mg) 

Antibiotics 2.00 
L-methionine 1.05 


of 0.04 € per point is used. Since two 24-h urine specimens 
should be analyzed due to the considerable day-to-day varia- 
tion,” the costs for these programs are calculated twice per 
patient. 

Therefore, the annual costs for 188,000 patients undergoing 
metabolic evaluation are 16.1 million €. 

To calculate the annual expenses for drug treatment, the 
rate of patients treated with drugs was estimated at a high 
level: all recurrent calcium oxalate stone formers (50% alkali 
citrate, 30% orthophosphate, 20% thiazides); 30% of cal- 
cium phosphate stone patients (10% citrate, 20% thiazides); 
all infected stone formers (100% antibiotics and L-methionine 
for 100 days); all uric acid stone patients (100% alkali citrate, 
50% allopurinol); and all cystinurics (100% alkali citrate and 
tiopronine). The daily costs for these drugs in Germany are 
shown in Table 21.6. 

Under these premises, special metaphylaxis for 188,000 
patients costs 52.7 million € per year. 


21.4.1.3 Comparison of Annual Costs for Stone 
Removal Versus Metabolic Evaluation 
and Metaphylaxis 


As outlined previously, the annual savings for stone removal 
due to effective metaphylaxis is 240 million €. The annual 
expenses for metabolic evaluation and metaphylaxis are 16.1 
and 52.7 million €, respectively. Thus, the net annual savings 
due to rational metabolic evaluation and metaphylaxis is 
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171.2 million €. For the new German reimbursement system 
(DRG), so far no calculations are available. 


21.4.2 Calculation Models: Comparison 
of Costs for Stone Removal Versus 
Metabolic Evaluation/Metaphylaxis 
in Other Countries 


Robertson** and Tiselius** calculated for their countries 
(UK and Sweden respectively) that medical prophylaxis is 
cost-effective as well. However, as already mentioned, 
cost-effectiveness is dependent on the costs for stone 
removal versus metaphylaxis, which can differ consider- 
ably from country to country. 

Lotan et al., compared the cost-effectiveness of medi- 
cal management strategies for urolithiasis in several coun- 
tries. Their model was based on the international cost 
survey published by Chandhoke.” The following measures 
were included: dietary measures, potassium citrate, thiaz- 
ides, and allopurinol. They showed that conservative ther- 
apy (i.e., diet) is the most costly treatment strategy in all 
countries but the United Kingdom. Drug therapy was more 
costly. In most countries, stone frequency must exceed one 
stone/patient/year before medical therapy is more cost- 
effective than dietary measures. However, drug therapy 
produces a good control. On the other hand, compliance 
is an important factor. First stone formers and patients 
with a low stone frequency/low risk for recurrence will 
hardly keep on drug therapy for a longer period. Therefore, 
specific metaphylaxis should be restricted to patients 
with a substantial risk for recurrence (rational metaphy- 
laxis,'*7783° see also Costs for Metabolic Evaluation/ 
Metaphylaxis). 


21.5 Off Work due to Stone Disease 


In the previously mentioned district of a German social 
health care insurance company, there were 426 of 150,000 
insured people off work due to urolithiasis (N20, ICD 10). 
The mean duration of being off work was 96.6 days! Most of 
the patients were off work for a remarkably shorter period 
(up to 14 days for 307 patients, up to 42 days for 94 patients). 
Due to long-term off work patients (up to 180 days for 19 
cases, longer than 180 days for six cases), a high mean dura- 
tion of being off work resulted. 

Compared to other countries such as the USA, these fig- 
ures look very high. In the USA, a time span of being off 
work for 5 days in hospitalized and 2 days in outpatient stone 
patients is estimated.'! For the United Kingdom, only 30% of 


employed persons with the diagnosis urolithiasis missed 
days of work (mean 19 h annually).’ 

Although these figures are only estimates, they clearly 
show the striking differences between the national health care 
systems. One of the most important reasons for the long time 
being off work in Germany is the fact that socially insured 
people receive the full wages for up to 42 days being not fit 
for work. The long duration of being off work due to urinary 
stone disease is not so surprising when regarding the fact that 
40.9% of all days off work in Germany result from diseases 
with duration of more than 6 weeks (statistics from the 
Scientific Institute of Regional Social Health Care Insurance 
Companies Bonn, 1997). For all Germany, a rational meta- 
phylaxis (lowering the recurrence rate by 40%) could avoid 
60,000 cases and 5.8 million days off work due to stone dis- 
ease per year. These figures clearly demonstrate the enormous 
economic implications of an effective stone metaphylaxis. 


21.6 Conclusions 


As shown with our calculation model for Germany, meta- 
bolic evaluation and metaphylaxis in stone formers can lower 
health care cost significantly. Although health care condi- 
tions may vary from country to country, the principles of this 
calculation model are applicable to every health care system. 
Only the amount of savings may be different. Today ESWL 
is the most frequently used treatment modality for urolithia- 
sis. Regarding the potentially increased recurrence rate fol- 
lowing ESWL*° due to “clinically insignificant” residual 
fragments as foci for regrowth and new stone formation, 
rational metabolic evaluation and metaphylaxis is not only a 
medical, but — being more and more important — an economic 
must. First results on such metaphylaxis programs following 
ESWL are promising.” 

Rational metaphylaxis does not mean that every stone 
former needs a thorough metabolic evaluation and a special 
metaphylaxis program. Rational metaphylaxis is oriented to 
the recurrence rate.'*’*“° Patients with the first episode of a 
calcium oxalate stone without risk factors are no candidates 
for special metaphylaxis. Only in stone formers with a sub- 
stantial risk for recurrence are such programs justified and — as 
shown by Chandhoke” — cost-effective. 
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What Are Shock Waves? 


Achim M. Loske 


Abstract Extracorporeal shock wave lithotripsy (SWL) has become the primary, noninvasive 
treatment modality for patients with stones in the kidney or ureter. Given this, it is essentially 
mandatory for all urologists to have basic knowledge of shock waves so that they may 
perform safer and more efficient SWL treatments. Unfortunately, most of the literature on 
shock wave physics is highly specialized. With this in mind, the aim of this chapter is to 
provide an easy to follow description of what lithotripter shock waves are. This chapter may 
also serve as a guide for physicians working on non-urological shock wave lithotripsy or 
other clinical and experimental applications of shock waves to medicine. The physics behind 
shock wave lithotripsy is quite a large subject, so a special effort has been made here to focus 
the discussion on an understanding of what shock waves are. 


22.1 Introduction 


Motivated by the success of extracorporeal shock wave litho- 
tripsy (SWL), underwater shock waves have been the subject 
of considerable research in the last 25 years. The study of 
shock waves belongs to the field of acoustics, which is an 
interesting and broad field having applications in physics, 
engineering, biology, medicine, architecture, aeronautics, 
music, noise control, and many other topics. In general, the 
literature describing the physics of shock waves is highly 
specialized and difficult to follow by readers without a solid 
background in physics.' The objective of this chapter is to 
provide a useful and easy to understand description of shock 
waves and their applications in medical fields. 

This chapter may also be useful to physicians working on 
other clinical and experimental applications of shock waves to 
medicine, like non-urological SWL,” orthopedic application 
of shock waves,** treatment of refractory angina pectoris, the 
possible treatment of Peyronie’s disease,’* cell transfection, 
tumor therapy," thrombus ablation, and inactivation of 
bacteria with shock waves.'*!° 
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22.2 Waves 


It is important to distinguish between two main types 
of waves: mechanical waves and electromagnetic waves. 
Electromagnetic waves — such as light, laser waves, radio and 
television signals, microwaves, and X-rays — do not require a 
medium to propagate. In this case, so-called “electric fields” 
and “magnetic fields” oscillate in a plane perpendicular to the 
direction of wave propagation. Since shock waves do not 
belong in this category no more information on electromag- 
netic waves will be given in this chapter. 


22.2.1 Mechanical Waves 


All mechanical waves are generated by a source, which 
causes a disturbance in the medium. It is this disturbance 
traveling through a medium that is called a “wave” (Fig. 22.1). 
Unlike electromagnetic waves, mechanical waves require a 
medium for propagation and cannot travel through a vacuum. 
This is essentially because mechanical waves are made up of 
vibrations of the molecules that make up the medium. These 
vibrations spread throughout the medium and energy is 
transferred from one molecule to the next. It is important to 
note that waves carry energy — not matter — over large dis- 
tances. Individual particles (molecules) oscillate a small 
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Fig. 22.1 Schematic of a mechanical disturbance traveling through a 
medium. The wave transports energy from the source to the receiver 


distance, but do not travel along with the wave. In addition, 
as the wave moves through the medium, there is a loss of 
energy due to friction. In general, the pressure “amplitude” 
of the wave decreases as the distance traveled increases. 
Examples of mechanical waves are shock waves, sound, 
vibration, seismic waves, water waves, and ultrasound. 
Mechanical waves can be regarded as useful or useless. Very 
useful mechanical waves are speech and music, while gener- 
ally useless sound waves in air are called “noise.” Many vibra- 
tions are also considered useless or even dangerous. In most 
situations, both useful and useless waves will be present. 


22.2.2 Transverse Waves 


Mechanical waves are further divided into two groups by the 
type of motion that the molecules execute: transverse waves 
and longitudinal waves. In transverse waves, the motion of 
the particles is perpendicular to the propagation of the wave. 
This is easily visualized, by imagining a floating object, 
while a so-called “surface” wave passes by (Fig. 22.2). 
Another example is the case of waves that propagate on a 
string. Transverse waves are sometimes referred to as shear 
waves. 


“particle” motion 


wave propagation 


M 


Fig. 22.2 A boat floating on the ocean with the engine turned off 
moves perpendicular to a passing wave. Particles always move perpen- 
dicular to the propagation of transversal waves 


22.2.3 Longitudinal Waves 


In a longitudinal wave, all particles oscillate parallel to the 
direction of propagation. They are also called compressional 
waves. A well-known example is the compression (and rar- 
efaction) of the segments of a spring as a wave travels along its 
length. Sound, which is produced by variations in the density 
of air, is also a longitudinal wave (Fig. 22.3). At a particular 
point in space, “sound” is a rapid variation in the pressure of 
a medium around a steady-state value. This steady-state 
pressure can be, for example, the atmospheric pressure or 
a hydrostatic pressure (the pressure caused by the height of a 
liquid above a certain point of reference). Since all states of 
matter can be compressed, longitudinal waves propagate 
through solids, liquids, and gases. It is important to remem- 
ber that the individual particles of the medium are only dis- 
placed locally; the only thing that travels all the way from the 
source to the receiver is the wave itself. The wave’s speed, 
referred to as the speed of sound or speed of wave propaga- 
tion, depends on the density, the elasticity, and the tempera- 
ture of the medium. The speed of propagation is much higher 
in a solid medium than in a liquid medium as the restoring 
force between individual molecules is much higher in a solid. 
Furthermore, at higher temperatures, molecules move faster 
and collide with each other more often. One therefore finds 
that mechanical waves propagate faster as the temperature of 
the medium is increased. For instance, the speed of sound in 
pure water at 0°C is approximately 1,400 m/s while its speed 
at 30°C is about 1,510 m/s. 


22.2.4 A Few Definitions 


There are several definitions used in physics to describe the 
properties of a wave. It is important for any physician to 
distinguish clearly between these definitions as they may 
frequently appear in treatment protocols, equipment specifi- 
cations, and scientific articles. 
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Fig. 22.3 A longitudinal wave is characterized by the propagation of 
rarefactions and compressions of the medium. Particles oscillate paral- 
lel to the direction of the wave propagation and are not transported from 
the emitter to the receiver 
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If a small spherical object is dropped into a pool, circular 
ripples travel outward from the spot where the object hit the 
water. All points on a specific ripple that are in the same state 
of motion are on a surface called a wavefront. One may 
imagine lines drawn perpendicularly to the wavefronts; these 
are called rays and are often used to show the path of a wave 
as it propagates (Fig. 22.4). Waves can spread in one, two, 
and three dimensions. For medical applications, the study of 
three-dimensional wave propagation is the most important. 
In three dimensions, one may imagine wavefronts with a 
spherical shape, with associated rays being radial lines. 

The wavelength is defined as the distance between two suc- 
cessive peaks or two successive troughs (Fig. 22.4). The time 
interval between the passage of two successive peaks or 
troughs is called the period. Some textbooks also define the 
period as the time it takes a wave to complete a cycle (Fig. 22.5). 
The amplitude is defined as the height of the wave, generally 
measured from the baseline to the highest (or lowest) value. 
The amplitude may refer to the actual height of a water wave 


wavefront 


wavelength 


ie 


ray 


Fig. 22.4 Schematic of a circumferential surface-wave propagating 
through a liquid. Each circle corresponds to a crest. The wavelength can 
be determined by measuring the distance between two consecutive 
crests. Rays are imaginary lines that indicate the direction of propagation. 
They are drawn perpendicular to the wavefronts. In this figure, rays are 
directed radially, away from the source 
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Fig. 22.5 Graph of pressure as a function of time, showing how the 
pressure changes as a longitudinal wave passes a certain point in space. 
The sinusoidal shape of this pressure variation should not be confused 
with a transversal wave moving through space. This plot gives information 
on how the pressure varies in time 


above the water’s still height or to the pressure amplitude (that 
is, the difference between the pressure in highly compressed 
regions and some specified baseline pressure). 

A well-known parameter used to describe a wave is its 
frequency — this is the number of cycles that pass by a certain 
position in 1 s — which is measured in hertz (Hz). In other 
words, the frequency gives information on how many wave- 
lengths happen in 1 s. A concept that may be somewhat more 
difficult to imagine is that of a frequency spectrum. The fact 
is that all waves, even non-periodic waves, can be built up by 
the superposition of a series of harmonic waves of different 
frequencies and amplitudes (Fig. 22.6). A mathematical 
technique, called Fourier analysis, is used to calculate the 


a amplitude 
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b amplitude 
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Fig. 22.6 Any wave can be imagined as the superposition of a certain 
number of harmonic waves (w,, W,, W,-..) with specific frequencies and 
amplitudes. The sum of only two harmonic waves (w, + w,) is a bad 
representation of the square wave shown in (a). Adding one more har- 
monic wave (w, + w, + w,) improves the result (b). The similarity 
between the original profile and the sum of harmonic waves increases 
as the number of harmonic waves increases. It would be necessary to 
draw the sum of a large number of harmonic waves with the adequate 
amplitude and wavelength to represent the square wave adequately 


256 


A.M. Loske 


frequencies, amplitudes, and phases of the harmonic waves 
(w, Wy Wz.. .) that have to be added to synthesize the desired 
waveform. The number of harmonic waves needed to describe 
a non-periodic wave depends on the profile of the wave. A 
sinusoidal wave is periodic (and harmonic) and has only one 
fundamental frequency associated to it. A lithotripter shock 
wave, which is a single high-pressure peak with a steep onset 
and a gradual decline into a pressure trough, is non-periodic 
and can be imagined as consisting of a large number of waves 
of different frequencies. 

The power of a wave, measured in watts (W), is defined as 
the energy transported by the wave during a certain time 
interval. Furthermore, the power delivered by a wave per unit 
area (i.e., per square meter) is called the intensity. The stan- 
dard units of intensity are watts per square meter (W/m’). 
Since the energy emitted from a point source spreads out in 
all directions, its intensity will decrease with radial distance 
from the source. The intensity of a wave is proportional to 
the square of its amplitude. As the measured values of sound 
intensity have an expansive range, a logarithmic scale is typi- 
cally used. Sound intensities are normally given with respect 
to a reference, the threshold of hearing: J, = 10- W/m’. The 
sound level is defined as 10 log (//I,), where / is the intensity 
in W/m? to which the sound level corresponds. Sound levels 
are expressed in decibels (dB). 

Shock waves undergo refraction and reflection when pass- 
ing from one medium to another. Refraction occurs as shock 
waves enter the patient’s body. An important definition 
related to the reflection of acoustic waves is the specific 
acoustic impedance, or simply the acoustic impedance, of a 
medium. The acoustic impedance measures the ease with 
which the wave propagates through a certain material. For a 
plane wave, the impedance is just the product of the density 
of the medium and the wave speed. 


22.3 Shock Waves 


In general, the word sound is used to describe waves in the 
frequency and intensity range that our auditory system is 
capable to detect (about 20 Hz—20 kHz). The science of 
acoustics, however, also includes the study of waves that we 
cannot hear (Fig. 22.7). Acoustic waves having a frequency 
below the frequency limit of our ears are called infrasound. 
Ultrasound refers to waves with frequencies above our range 
of hearing. Shock waves are sometimes referred to as ultra- 
sound or explosive ultrasound waves because they share 
some properties with ultrasound. Though similarities exist, 
one should not confuse shock waves with the type of ultra- 
sound used in diagnostic imaging systems or therapeutic 
applications (such as high intensity focused ultrasound and 
focused ultrasound surgery). For instance, the pressure 


amplitude generated by a lithotripter shock wave can have 
up to 75 times the pressure amplitude of the waves used in 
diagnostic ultrasound. 

Shock waves are transient pressure changes that propagate 
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Fig.22.7 Graphs of pressure as a function of time for harmonic waves. 
According to their frequency, acoustic waves are classified as infra- 
sound, sound, or ultrasound 


through three-dimensional space. They result from a very fast 
release of a large amount of energy in a relatively small space. 
Shock or blast waves differ from acoustic waves (which con- 
sist exclusively of small pressure changes) in that they may 
propagate in a manner entirely different from that of ordinary 
acoustic waves. An example is the acoustic boom following a 
lightning bolt during a thunderstorm. The initial shock wave 
pressure decays as the wave expands until it degenerates into a 
sound wave. This is inevitable as a fixed amount of energy has 
to be spread out over an ever-increasing volume. The detona- 
tion of an explosive and the passage of supersonic aircraft are 
also well-known examples of shock wave generation (Fig. 22.8). 
Shock waves can be produced in all states of matter. It is not 
usually possible to see a shock wave; however, shock waves 
can be made visible with suitable optical instrumentation. 


22.3.1 Lithotripter Shock Waves 


22.3.1.1 Shock Wave Generators 


Extracorporeal shock wave lithotripters consist of a shock 
wave head (shock wave source), a treatment table, and a 
localization system (a coaxial or lateral ultrasound imaging 
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Fig. 22.8 Schematic of the shock front produced by a supersonic air- 
craft moving at a speed greater than the speed of sound. The aircraft 
traveled a distance d (from point | to point 4) in the same time needed 
for the wave, generated at point 1, to travel the distance r. The envelope 
of the three-dimensional pressure waves produced is a three-dimen- 
sional cone. Its angle depends on the speed of the aircraft 


system and/or an isocentric C-arm fluoroscope). It is not the 
purpose of this chapter to describe the details of shock wave 
generators; however, having some information on their working 
principles is useful to better understand what lithotripter 
shock waves are. More information on extracorporeal litho- 
tripters can be found in the literature. ° 

Nowadays, there are three main shock wave generation 
techniques on the market: electrohydraulic, piezoelectric, and 
electromagnetic (Fig. 22.9). All release large amounts of 
energy inside a transducer and generate shock waves outside 
the patient’s body. To prevent shock waves from losing energy, 
focusing devices like lenses or reflectors are needed. In elec- 
trohydraulic lithotripters, shock waves are generated by an 
underwater high-voltage spark that is discharged between 
two electrodes (the arc is localized in the first focus of an 
ellipsoidal reflector, see Fig. 22.9a). The fast expansion of the 
plasma bubble at the first focus generates a shock wave, 
which propagates spherically outward and reflects off of the 
metallic reflector. The shock front gets focused toward the 
second focal point. Shock waves reflect off of the reflector of 
an electrohydraulic lithotripter in a manner similar to that 
found in optical waves. This is because under certain circum- 
stances the same law of reflection is followed by both sound 
and light. The low-energy unfocused part of the primary 
spherical shock wave will always propagate through the 
patient. The first spark-gap lithotripters were manufactured 
by Dornier Medizintechnik GmbH in Germering, Germany. 
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Fig. 22.9 Schematic of three different shock wave generation princi- 
ples. (a) Electrohydraulic lithotripters produce shock waves by electri- 
cal breakdown of water at the first focus of a metallic ellipsoidal 
reflector. Part of the spherical shock front is reflected off of the reflector 
and focused at the second focus. (b) Electromagnetic lithotripters gen- 
erate pressure pulses by moving a metal diaphragm, located at the base 
of a water-filled shock tube. Magnetic forces cause the membrane to be 
repelled, transmitting mechanical energy to the water. The flat pressure 
wave induced by the sudden movement of the membrane is focused by 
an acoustical lens. Shock waves are formed only after passage through 
the lens. (c) Piezoelectric lithotripters consist of a set of piezoelectric 
crystals mounted on a hemispherical bowl-shaped aluminum backing. 
A high-voltage pulse applied to all crystals at the same time causes their 
rapid expansion, producing a pressure wave in the water. A shock wave 
arrives at the focus after superposition of the pressure wave formed by 
each crystal 


Three different electromagnetic systems are in use. The 
classical shock wave head, designed by Siemens GmbH in 
Erlangen, Germany, generates pressure pulses by moving a cir- 
cular metal diaphragm that is placed in a water-filled shock 
tube (Fig. 22.9b). A high voltage pulse is sent through a coil, 
placed behind the diaphragm, so that it is repelled. A lens 
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focuses the pulse, forcing its pressure profile to steepen, quickly 
transforming the pulse into a shock wave. Coupling of the 
shock wave to the patient is done using a water-filled cushion. 
The second type of electromagnetic shock wave generator (not 
shown in Fig. 22.9), uses a cylindrical coil to produce a cylin- 
drical wave that is reflected by a parabolic reflector and trans- 
formed into a spherically focused shock wave. This shock wave 
generator, manufactured by Storz Medical AG in Kreuzlingen, 
Switzerland, has also been very successful.”°*' Using this shock 
wave generation principle, the manufacturer has also devel- 
oped a shock wave head that allows the user to change the focal 
size, even during treatment. The third type of electromagnetic 
shock wave generator, manufactured by XiXin Medical 
Instruments Co. Ltd (not shown in Fig. 22.9), is a self-focusing 
design; it does not use a lens or a reflector to concentrate shock 
wave energy. Analogous to a piezoelectric lithotripter, this gen- 
erator uses a spiral coil mounted on a spherical backing.” 
Piezoelectric shock wave generators as manufactured by 
Richard Wolf GmbH are called self-focusing. These genera- 
tors produce shock waves in water by exciting piezoceramic 
crystals. The crystals are arranged on the concave surface of 
a spherical metallic dish and expand suddenly when they are 
exposed to an electric discharge (Fig. 22.9c). The sudden dis- 
placement of the crystals produces a pressure wave with most 
of the energy focused toward the center of the generator. 
Relatively small piezoelectric shock wave heads, with two 
layers of piezoelectric elements, have become available.!?* 


22.3.1.2 Shock Wave Formation 


Spark gap generated shock waves are formed almost imme- 
diately after the electrical energy is released. In contrast, 
electromagnetic and piezoelectric lithotripters produce 
strong compressions that degenerate into a shock wave as 
they travel trough liquid. In piezoelectric lithotripters, the 
shock wave develops while the pressure pulse, generated by 
the piezoelectric transducer, travels toward the focus. In elec- 
tromagnetic systems, the shock front develops after passing 
through the lens. At low-energy settings, some lithotripters 
do not produce shock waves at all (though any extracorpo- 
real lithotripter pulses are typically called shock waves to 
denote the high amplitude of the pulse). 

Recall that the speed of a mechanical wave increases as the 
density of the medium increases. As shock waves propagate, 
they transiently cause the medium to become denser. For 
small pressure amplitudes, each part of an acoustic wave trav- 
els at the same speed — the propagation speed; however, if the 
pressure differences are large, the sound speed is not the same 
for all points. In an extracorporeal lithotripter, a large positive 
pressure pulse is initially formed due to a sudden compres- 
sion of the fluid contained inside the shock wave head. This 
compression pulse gets distorted as it travels through the 


higher speed 


Fig. 22.10 Simplified graphs of pressure as a function of distance, 
explaining shock formation. If an acoustic wave, having high pressure 
propagates through a medium then the higher pressure parts travel faster 
than the lower pressure parts (a), distorting the shape of the wave (b). 
After traveling certain distance, a shock front is formed (c) 


medium. This is because high-pressure parts of the wave 
travel faster than the low-pressure parts. As the high-pressure 
parts travel faster, they increase the pressure at the wave front, 
pushing the wave profile forward. As this continues, a steep 
front, called a shock front, is formed. A compression pulse is 
fully transformed into a shock wave when the pressure profile 
ceases to pile up any further (Fig. 22.10). At this stage, the 
pressure and density along the shock front vary wildly in a 
very short region. The wavefront of a lithotripter shock front 
has a thickness less than 1 mm. Normally the entire pressure 
profile is called a shock wave; however, the word shock should 
only be used for the first fast pressure rise. Formally it is only 
the sharp positive pressure jump that is shocked. Shock fronts 
can have different amplitudes and widths. The steepness of 
the shock profile depends on the particular lithotripter. 


22.3.1.3 Parameters Describing a Lithotripter 
Shock Wave 


There is an international consensus that the most important 
parameters describing a shock wave for medical application 
are (Fig. 22.11): positive maximum pressure (p*), negative 
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Fig. 22.11 Graph of pressure as a function of time, 
showing the most important parameters defining a 
lithotripter shock wave: FWHM full-width-half-maximum, 
t = rise time, t, = time used to calculate the “total energy” 
of the shock wave, p* = positive maximum pressure, 

p` = negative maximum pressure 


100%p* 
90%p* 


50%p* 


10%p* 
10%p~ 


100%p~ 


maximum pressure (p`), rise time (t ), full-width-half-maximum 
(FWHM), energy flux density (EFD), and focal energy.” 

The positive maximum pressure (p*) is defined as the 
pressure difference between the maximum positive pressure 
of the shock wave and the ambient pressure. In an analogous 
manner, the negative maximum pressure (p~) is the maximum 
negative pressure found in the tensile phase of the shock 
wave. The amplitude of p~ may be as much as 20% of p*. 

The time needed for the pressure to rise from 10% to 90% 
of p* is defined as the rise time (t). For lithotripter shock 
waves, t, has the unbelievable value of less than 5 ns (five 
billionths of a second). The time interval between the instant 
when the pressure first reaches 50% of p*, and the first time 
it falls under 50% (Fig. 22.11), is the so-called full-width- 
half-maximum (FWHM). This duration varies between about 
0.2 and 0.5 ps. 

The dynamic focus, focal region, or —6 dB focal zone of a 
lithotripter is defined as the volume in which, at any point, the 
positive pressure peak amplitude is equal to or higher than 50% 
of p*. The size of this volume depends on the shock wave gen- 
eration and focusing mechanism, as well as on the voltage set- 
ting. It is called the -6 dB focal zone, because —6 dB is 
equivalent to 50%. This definition is widely used among manu- 
facturers; however, it typically does not give enough informa- 
tion for medical applications. One does not know enough about 
the energy contained in the focal volume and, as a consequence, 
one does not know enough about the stone disintegration effi- 
ciency of a lithotripter. Given this, a more convenient parame- 
ter to describe the performance of a shock wave generator has 
been defined: the treatment zone or the 5 MPa focus. As shown 
in Fig. 22.12, the treatment zone is the volume inside which 
any point has a pressure equal to or larger than 5 MPa.” The 5 
MPa figure is used as it has been identified (by the German 
Society of Shock Wave Lithotripsy) as the lowest pressure that 
is medically effective. Both of the focal volumes mentioned 
previously have the shape of an elliptical cigar. A noteworthy 
difference is that the —-6 dB focal zone depends on relative 
pressure measurements, while calibrated (i.e., absolute) mea- 
surements must be used to set the limits of the 5 MPa focus. 


] 
] 
l 
l 
| —6dB focal zone 
| 


5MPa treatment zone 


Fig.22.12 Graph of pressure as a function of distance in the neighbor- 
hood of the focus of an extracorporeal lithotripter. The —6 dB focus and 
the 5 MPa treatment zone are compared 


Another definition that will prove useful in SWL applica- 
tions is the energy density or energy flux density (EFD). This 
is defined as the amount of energy transmitted through an 
area of 1 mm’, per shock wave. It should not be confused with 
the total acoustical energy per released shock wave, which is 
the sum of all energy densities across the beam profile multi- 
plied by the area of the beam profile. If only the positive phase 
of the shock wave is considered in calculating the energy 
density, the EFD is referred to as the positive EFD. 


22.3.1.4 Shock Wave Pressure Profile 


At the focal zone, extracorporeal lithotripters generate a 
strong acoustic field with extremely fast pressure variation. It 
is not easy to accurately record such a field (Fig. 22.13). 
Taking accurate pressure measurements of a shock wave that 


260 


A.M. Loske 


p [MPa] 
50 


positive phase 


& 


25 


tensile phase 
t[us] 


Fig. 22.13 Typical pressure profile recorded using a fiber-optic hydro- 
phone (FOPH 2000, RP Acoustics) at the focus of an extracorporeal 
lithotripter. An extremely short positive pressure rise is followed by a 
fast pressure decrease and a pressure trough 


lasts 1 us or less and has a rise time of about 5 ns requires a 
pressure gauge with an extraordinarily fast response. 
Nowadays, the most convenient instruments to perform pres- 
sure measurements in SWL are the fiber-optic hydrophone,” 
and the light spot hydrophone.” Fiber-optic hydrophones 
were recommended as a measurement standard in 1998. 

The pressure pulse in the focal region of a lithotripter con- 
sists of a short compression pulse with a peak pressure 
between 30 and 150 MPa, and a subsequent decompression 
pulse, sometimes referred to as the negative pressure peak or 
tensile phase. The tensile phase will typically have a tensile 
peak of up to —20 MPa and a phase duration of 2-20 us. 
Lithotripter shock waves can be created over a broad range 
of frequencies, in about the 16 kHz range to about the 20 
MHz range. The therapeutically effective components for 
SWL are above 200 kHz (Fig. 22.14). Most energy is between 
about 100 kHz and 1 MHz, with a peak at about 300 kHz. 
Total pulse energies are in the range of about 10-100 mJ” 
and energy densities are between about 0.2 and 2.0 mJ/mm?. 
Time durations (i.e., the time between the positive peak and 
the negative peak) are similar in all lithotripters. 

During SWL, stones fracture mainly due to spalling, cavi- 
tation, circumferential squeezing, superfocusing, and 
fatigue.” Most of these mechanisms act synergistically, 
rather than independently. For many years, other shock wave 
profiles have been proposed in order to improve calculi frag- 
mentation with the least amount of tissue damage. The use of 
composite reflectors” or two confocal electrohydraulic litho- 
tripters with a controlled delay between their pulses have 
been tested.*' Results indicate that stone comminution can be 
enhanced, or tissue damage reduced, by controlling the delay 
between shock wave emissions. Another well-known exam- 
ple is that of tandem shock waves (Fig. 22.15). In order to 
understand the basics of this alternate pressure profile, it is 
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Fig. 22.14 Frequency spectrum showing the range of human hearing 
and extracorporeal shock wave lithotripsy (SWL) compared to other 
acoustical phenomena 


Ap 


Fig. 22.15 Graph of pressure as a function of time at the focus of a 
piezoelectric tandem lithotripter, showing to similar shock waves (sw, 
and sw,), arriving with a time delay Ar (delta 1) 


helpful to recall the physics of acoustic cavitation.” During 
SWL, bubbles contained in the fluid near a calculus are com- 
pressed by the positive peak of each shock wave. As the ten- 
sile phase reaches these micro-bubbles, their volume 
increases significantly. After a few hundred microseconds, 
the bubbles collapse violently, generating secondary shock 
waves and high-speed microjets.**** Comparison between 
the effects of cavitation induced by two different pressure— 
time shock waveform pulses was studied by Cathignol.* 
Several authors showed that the energy of collapsing 
cavitation bubbles can be intensified if a second shock wave 
appears shortly after their stable phase.*°*” The time delay 
between the first and second shock wave should correspond 
to the collapse time of the bubble cluster formed by the first 
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shock wave. This type of lithotripsy, called tandem SWL, is 
still under research. No clinical results have been reported 
so far. 

Tandem SWL should not be confused with dual-head 
SWL. Dual-head lithotripters, sometimes called dual-pulse 
lithotripters, have two separate shock wave generators. From 
the theoretical standpoint, dual-head lithotripters have inter- 
esting advantages but, nevertheless, they are not tandem 
lithotripters because they generate two pulses with a delay 
that is too long to enhance bubble collapse. 


22.3.1.5 Shock Wave Attenuation 


Experiments that attempt to use ultrasound for SWL have 
failed, as these waves are highly attenuated in tissue and pose 
some risk of thermal injury to the tissue.’ Shock waves 
undergo less attenuation than ultrasound waves when propa- 
gating through tissue. This is because, in a biological medium, 
high frequency waves are absorbed more than low frequency 
waves. Since shock waves have lower frequencies than ultra- 
sound waves, they have a higher penetration power. 

Absorption in tissue is higher than in water. Since the shock 
front contains high frequencies, it is absorbed faster than other 
parts of the shock wave profile. After traveling a few centime- 
ters through tissue, the amplitude of the shock wave reduces 
and its rise time increases. Despite this, the negative phase 
of the shock wave will remain almost unaltered. 

Some studies have revealed that stone to skin distance 
may predict SWL outcome.” The amount of acoustic energy 
that is actually transformed into mechanical energy (energy 
that can be used to fracture a renal stone) depends on both 
the acoustic impedance of the media and on the angle of 
arrival of the shock wave. Peak-pressure attenuation of shock 
waves in water is about 10-20% for a distance of 100 mm 
while the energy attenuation due to passage of a shock wave 
through the membrane of a lithotripter water cushion is about 
20%. Furthermore, poor coupling between patient skin and 
water cushion may increase shock wave attenuation up to 
50% or more. 


22.4 Conclusions 


Intensive research has been carried out worldwide in order to 
find improvements in SWL technology that increase fragmen- 
tation efficiency while reducing renal damage. Stone location, 
composition, and the existence of a fluid-filled expansion 
chamber influence SWL outcome. Shock wave energy, the 
pressure profile, and the shape of the focal zone, as well as 
patient positioning and coupling are also crucial. As technol- 
ogy develops, it becomes more and more important for a 


physician to have basic knowledge in physics. Extensive 
training by certified technicians should be required in all lith- 
otripsy centers to guarantee good results and to prevent over- 
treating. 

What are shock waves? To imagine an event lasting a 
tenth of a second or even a hundredth of a second might be 
possible for most people. However, to visualize an event 
occurring in a millionth of a second is far beyond our capac- 
ity. As a lithotripter shock wave passes through water or tis- 
sue at a speed of more than 1,500 m/s, the pressure rises in 
one to five billionths of a second and returns to its original 
value in a few millionths of a second. In a time of five bil- 
lionths of a second, the bullet of a firearm having a speed of 
800 m/s only travels about four thousandths of a millimeter 
— a distance so small that a microscope is needed to see it! 
Shock waves are an incredible phenomenon, quite impossi- 
ble to conceive with our senses. 
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Abstract After clinical introduction in 1980, extracorporeal shock wave lithotripsy (ESWL) 
became the primary choice of treatment for most urinary stones within less than 10 years. Stone 
disintegration and passage of fragments are influenced by technical demands on the lithotripter 
and clinical prerequisites on behalf of the patient and surgeon. There are no standardized 
parameters to characterize shock waves physically or to define their optimal configuration. 
Primarily there is the discussion about the size of focal zone and the energy flux within it. 
Actually, there is a trend to use smaller focal sizes for ureter stones and larger for renal stones 
without proof by relevant studies. The shock waves disintegrate the calculi in a sequential pro- 
cess by different mechanisms, for example, spallation, squeezing, cavitation induced by microbub- 
bles, and dynamic fatigue. The propagation of the shock wave from the generator through the 
patient to the stone has to be ensured by optimal acoustic coupling of the waves. The stones 
have to be positioned precisely in the focal point imaged by fluoroscopy or sonography. 
Prospective randomized trials proofed that pulse rate should not exceed 90 pulses/min and 
shock wave energy should be ramped along ESWL session from low to high level up to the 
limit of applicable shock wave dose (shot number and energy) to improve stone fragmentation 
and reduce the risk of kidney trauma. After treatment, including retreatment in some cases, the 
diagnostic tools of radiology and ultrasound define if the stone is “completely” disintegrated 
and passage of fragments can be expected. In case of incomplete fragmentation, alternative 
endoscopic treatments have to be respected. The efficiency of lithotripters can be estimated by 
calculating quotients including stone-free rate, number of retreatments, auxiliary and alterna- 
tive treatments. This is a nonstandardized possibility to compare different lithotripters addition- 
ally to the possibility of in vitro studies and the rare prospective randomized trials. 

Meanwhile the number of ESWL-treatments decrease progressively since efficacy and 
invasiveness of endourological procedures (e.g., ureterorenoscopy and percutaneous lithola- 
paxy) improves more and more. Since the development of new lithotripters did not reach 
higher success rates in the last 25 years and optimal fragmentation is achieved by ESWL 
applying high energy in general anesthesia the endoscopic procedures are reasonable alterna- 
tives with a higher immediate stone-free rate in even more cases. 


23.1 Introduction serial-type HM3 was installed in Germany (in 1983) and 
thereafter distributed all over the world. The revolution of the 
shock wave lithotripter (SWL) was so successful that this 
treatment option quickly was accepted as a reasonable alter- 
native to surgical procedures'” Already 5 years after its intro- 
duction, SWL was the first choice treatment for nearly all 
calculi located in the upper urinary tract. Despite the necessity 
K.U. Köhrmann (13) of general anesthesia, the low morbidity for the patient with 


Department of Urology, Theresienkrankenhaus, Mannheim, Germany this noninvasive procedure justified retreatment when the 
e-mail: kai.uwe.koehrmann @theresienkrankenhaus.de stone was not completely disintegrated by the first session. 


Within a very short time period after the first clinical treat- 
ment of a patient with a kidney stone in February 1980 using 
the prototype lithotripter Dornier HM1 (Fig. 23.1), the first 
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Fig. 23.1 First lithotripter for 
clinical use — the Dornier HM 1 


Therefore SWL was applied for almost all renal and ureteral 
stones, excepting staghorn stones, diverticular stones, asymp- 
tomatic stones, and nephrocalcinosis. Certainly, the short 
learning curve for SWL compared to endoscopic procedures 
has been an important reason for the fast spread of shock wave 
lithotripters. The application of shock waves was possible 
after a short training period for young urologists and has some- 
times been performed successfully by medical technicians. 
This is explained by the low risk of severe complications in 
SWL, even when it is mishandled. 

In the first phase of its introduction, SWL seemed to cause 
no adverse side effects’ but with time and the arrival of com- 
puted tomography (CT) and magnetic resonance imaging 
(MRI), the risk for the kidney became apparent.** The rate of 
hematoma has been calculated to be around 0.5%. 

The further development of lithotripters was intended to 
improve stone disintegration and to reduce side effects.° 
Concerning the side effects, on the one hand, the trauma to 
the kidney and adjacent organs should be reduced. On the 
other hand, pain during shock wave application had to be 
reduced to avoid general anesthesia. Both effects were thought 
to be reached by concentrating the shock wave energy to a 
smaller focal area. Under this intention the electrohydraulic 
shock wave generator has been modified, but also electro- 
magnetic and piezoelectric sources were developed. The 
development was successful since pain was limited and SWL 
without anesthesia became possible.° 

Improvement of the disintegrative efficacy was not so 
prosperous. Some in vitro and ex vivo studies seemed to 
prove an advantage in stone comminution by the modern 
shock wave machines. But no clinical, prospective ran- 
domized trial could confirm a benefit compared with the 


unmodified Dornier HM3. Nevertheless, some further 
improvements were gained: 

Stone localization by X-ray and/or sonography enabled the 
treatment of stones with weak or no radiodensity. Additionally, 
ultrasound localization reduced X-ray exposure to the patient. 
But sonographic localization did not became widely accepted 
since this procedure is more time-consuming and ureteral 
stones usually are not detectable by ultrasound. In the US, urol- 
ogists usually are not so experienced using sonography. Al this 
has argued against the expensive addition of ultrasound. 

The optimal medium for transmission of acoustic shock 
waves is degassed water. In the Dornier HM3, the patient was 
immersed in a large water basin. This was also technically 
elaborate and costly. Therefore the basin was reduced to a 
water cushion to be coupled by a membrane and jelly between 
the water and the skin surface. On the downside, it has been 
shown that this coupling method reduces shock wave energy 
and can impair disintegration efficacy significantly. 

The upgrading of lithotripters to a multifunctional work- 
station or the integration of the shock wave generator into a 
urological workstation necessitated compromises. But this 
was driven by economic demands to enable the acquisition 
of a lithotripter by smaller hospitals. Therefore modular sys- 
tems were developed with the possibility to use different 
parts of the workstation (e.g., the C-arm) separately from the 
lithotripsy system or to upgrade a urologic table by addition 
of a shock wave generator. 

Today there is a large variety of lithotripter systems 
(Table 23.1), from expensive high-end devices down to 
low-budget machines. In a lot of cases, financial limits influ- 
ence the choice of the lithotripter significantly. Beyond that, 
there are no hard criteria for selecting the “best” lithotripter. 
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Table 23.1 Characteristics of recently introduced lithotripters 
SW Generation 


Machine Aperture Localization Clinical 


(mm) Application 


Dornier 
Compact Sigma 


Compact Delta 


Lithotripter S 


Lithotripter S II 


Siemens 
Multiline 


Modularis 


Lithoskop 


Storz Medical 
Modulith SLX 


Modulith SLK 


Modulith SLX-F2 


Xinin 
Compact CS 


Richard Wolf 
Piezolith 3000 


Edap-Technomed 
LT02-X 


Vision 


Sonolith I-sys 


Medstone 
Mestone STS-T 


Direx 
Nova Ultima 


Duet 


Integra 
HMT Healthtronics 
LithoDiamond 


AST 
LithoSpace 


Electromagnetic (flat 
coil, EMSE 140f) 


Electromagnetic (flat 
coil, EMSE 140f ) 


Electromagnetic (flat 
coil, EMSE 220f 
EMSE 220f-XXP) 
Electromagnetic (flat 
coil, EMSE 220f 
EMSE 220f-XXP) 


Electromagnetic (flat 
coil, System M) 
Electromagnetic 
(flat coil, System 
C/Cplus) 
Electromagnetic (flat 
coil, System Pulso) 


Electromagnetic 
(cylinder) 
Electromagnetic 


Electromagnetic 
(dual focus) 


Electromagnetic 
(self-focusing) 


Piezoelectric 
(double layer) 


Piezoelectric 


Electrohydraulic 
(Diatron IIT) 
Electroconductive 


Electrohydraulic 


Electrohydraulic 
(Trigen-technology, 
turnable) 

Two electrohydraulic 
Sources (!) 
Electromagentic 
(trapezoid, hollow) 


Electrohydraulic 
(10.000 
SW/electrode) 


Electrohydraulic 


140 


140 


220 


220 


145 


130 


168 


300 


178 


300 


120 


360 


500 


220 


290 


150 


150 


150 


220 


200 


X-ray 


Parallel isocentric X-ray C-arm 
and Isocentric C-arm of shock 
wave source 

Parallel Isocentric X-ray C-arm 
and isocentric C-arm of shock 
wave source, 

Isocentric X-ray C-arm 


Isocentric X-ray C-arm 


In-line fluoroscopy 


Isocentric C-arm 


Parallel isocentric in-line 
fluoroscopy C-arm (double C) 


In-line fluoroscopy 


Off-line fluoroscopy 
(Lithotrack-navigation) 
In-line fluoroscopy 


Isocentric C-arm 


In-line C-arm 
Isocentric C-arm 


Isocentric C-arm 


Isocentric C-arm 


Isocentric-C-arm 


Isocentric C-arm 


In-line fluoroscopy 


Isocentric C-arm 


External C-arm 


Ultrasound 


Lateral ultrasound 


Lateral ultrasound 


Lateral ultrasound 


Lateral ultrasound 


In-line ultrasound 
(optional) 
Lateral ultrasound 


In-line ultrasound 


In-line ultrasound 
In-line ultrasound 


In-line ultrasound 


Lateral ultrasound 


Coaxial 
ultrasound 


Coaxial 
ultrasound 
Lateral ultrasound 


Lateral ultrasound 


Lateral ultrasound 
(very optional) 


Lateral ultrasound 
(very optional) 


Lateral ultrasound 


Lateral ultrasound 


External 
ultrasound 


2003 


1997 


1997 


2003 


1994 


1998 


2003 


1995 


1998 


2004 


2001 


2000 


1997 
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2004 
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Fig. 23.2 Essential parts of a 
lithotripter (Wolf Piezolith 3000): 
1 = Shock wave generator with 
coupling cushion; 2 = Localization 
system (2a = fluoroscopic C-arm; 
2b = ultrasound system); 3 = Table 
for stable patient positioning; 4 = 
Control unit (Modified with 
permission from Richard Wolf 
GmbH) 


In the following, some essential details of lithotripters 
(Fig. 23.2) are discussed from the present point of view as a 
basis for developing optimized units for the future. 

The task to characterize extracorporeal shock wave litho- 
triptors is burdened with severe problems: There are multiple 
known attributes that influence the lithotripters quality. For 
many of these, there is no consented definition. These known 
features are not sufficient enough to predict extracorporeal 
shock wave lithotripsy (ESWL) success; therefore, some 
unidentified characteristics have to be assumed. So we cannot 
judge about the best lithotripter on the market. Therefore this 
chapter does not add a further description of the current genera- 
tors, but reflects the actual discussion on this research. In the 
following some principle factors are given, which should be 
respected when lithotripters are characterized and compared. 


23.2 Modality of Lithotripter Function 


In Chapter 22 (Basic Sciences III) Loske describes perfectly 
the principles of shock wave generation by the different gen- 
erator systems and the pressure profiles of waves. Based on 
this, in this chapter the resulting energy with its mechanisms 
to fragment the stone is described. 


23.2.1 Acoustic Energy of Shock Waves 


There is consensus that the classical focal zone definition 
(+6 dB) has only a minor relevance to describe the energy 


output respectively of the disintegrative efficacy of a shock 
wave source, whereas it mainly depends on the applied 
energy with a minimal pressure of about 30 MPa. 

The focal size corresponds to the location where the 
peak pressure decreases to 50 MPa. The energy flux density 
(ED) includes the positive and negative temporary pressure 
of the shock wave in the focal plane. In a rotational shock 
wave field the energy flux density ED is determined by the 
integral. 

Stone fragmentation correlates with the shock wave 
energy delivered into the focal zone.” * The acoustic energy 
of a shock wave pulse should be determined within an area 
corresponding to an average stone; that is, 12 mm. Outside 
of this area, the pressure and energy density of the shock 
wave pulse are usually below the threshold where stone dis- 
integration or shock wave induced side effects are probable. 
The effective energy (E) (12 mm) is calculated by inte- 
grating the energy flux density ED in the focal plane over 
the time. 

In accordance with Eisenmenger,’ the peak pressure may 
play only a minor role for stone disintegration as long as the 
threshold of 10-30 Mpa is exceeded. Further experiments 
confirmed the early findings of Granz’ that the focal shock 
wave energy represents the most important physical param- 
eter for stone fragmentation. The energy dose (E se) (12 mm) 
is defined as: 


Eose (12 mm) = nE (12 mm) 


Where n is the number of applied shocks and E „(12 mm) 
is the effective energy; that is, the acoustic energy per shock 
wave delivered to an area of 12 mm diameter in the focal plane. 
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In case intensity settings are changed, the energy dose is 
calculated by 


Eose (12 mm) = n Esn + nEs + n, Esn te 


This accumulated energy dose is shown on the display of 
the Dornier Lithotripter S together with the number of shocks 
waves. 

This Dornier Lithotripter S allows a comparison of the 
efficiency of different shock wave sources. In clinical studies 
with the different electromagnetic generators EMSE 220F 
and EMSE 220F-XP, an energy dose of 152-164 J for ureteral 
stones and 138-164 J for renal stones was used.'*"' In Tailly’s 
studies the energy dose was 228 J (EMSE 220F) and 307 
(EMSE 220F-XP) for ureteral stones.'° From the data of 
Sorensen,'' an energy dose used for disintegration is about 
110 J for a stone smaller than 10 mm and 140 J for a stone 
between 10 and 20 mm. These results recommend the energy 
doses for the clinical application: E se (12 mm) = 100-130 J 
for renal stones and 150-200 J for ureteral stones. 


23.2.2 Shaping the Shock Wave Focus 


The temporal and spatial pressure distribution of the shock 
wave determines its disintegrative efficacy on the stone and its 
traumatizing capacity in the tissue. The induction of cavitation 
plays a crucial role for both effects.'*"'* But, there may be a 
conformation of the shock wave that can allow both results; 
that is, it has been hypothesized that stone disintegration can be 


Fig. 23.3 Twin-Head Lithotripter 
(FMD): simultaneous application 
of two perpendicularly arranged 
generators 


improved while tissue trauma is diminished by manipulating 
the dynamic of cavitation activity.'*'° In this context, the defi- 
nition of the focal zone may become an important parameter. 
Following the trend to increase the peak pressure of the shock 
wave source, novel research programs of the different litho- 
tripter manufacturers aimed at an increase respectively in an 
adaptation of the focal zone to clinical requirement. Since the 
possibilities are limited for changing the relevant parameters 
specifically using a single source, studies have also been per- 
formed by combining different generators. One of the first 
devices used clinically was a ““Twin-Head” lithotripter (FMD, 
Lorton, Virginia, USA, Fig. 23.3). In this design, two identical 
electrohydraulic sources are integrated to have the same focal 
point but the shockwave axes are perpendicular to each other. 
The bidirectional synchronous application of the Twin-head 
lithotripter can also modify the focal area. This device seems to 
be superior concerning the stone fragmentation and less trau- 
matic compared to the solitary shock wave head of the Dornier 
Lithotripter S." 

Direx presented another electromagnetic lithotripter with 
trapezoid cone-shaped cylinder and a paraboloid reflector 
(Integra), offering a variable focal area selectable from 6 to 
18 mm. 

The double-layer arrangement of the piezoelectric ele- 
ments of the Wolf device lead to a reduction of the aperture 
from 50 to 30 cm associated with a significant increase of 
focal zone (Fig. 23.4). The degree of synchronization of the 
traveling two shock waves realized by special thyristores 
allows the variation of delay and pulse forming resulting in 
three different focal zones'* (Wolf Piezolith 3000, Fig. 23.2). 
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Fig. 23.4 Principle of pieco- 
electric double-layer technology: 
Superposing the front and back 
pulse of the shock wave source, 
the same amount of radiated 
energy can be focused with less 
up to high energy to provide 2, 
4, and 8 mm focus (“triple 
focus”) 


same amount of total radiated acoustic energy! 
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Fig. 23.5 Storz Medical 
Modulith SLX-F2 (Courtesy of 
Storz Medical AG, Switzerland) 


The use of two different focal sizes in the Storz Modulith Siemens and Dornier achieved a larger focal zone in their 
SL-X2F (Fig. 23.5) is realized by two different rise times of recent devices (Siemens Lithoskop, Fig. 23.6; Dornier 
the shock wave using the same generator and paraboloid Lithotripter S) by significantly prolonged duration of the shock 
reflector. Actually, the manufacturer recommends the larger wave pulse, but both manufacturers do not offer different 
focal zone (50 x 9 mm?) for renal calculi and the smaller focal sizes. The largest focal size of clinically used lithotripters 
focal zone (28 x 6 mm’) for ureteral stones. provides the Xi Xin-Eisenmenger device (XX-ES, Xi Xin 
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Fig. 23.6 Siemens Lithoskop (Siemens Pressephoto, courtesy of 
Siemens AG, Germany) 


Medical Instruments, Suzhou, China) with a —6 dB width of 
18 mm compared to 8 mm of the HM3.'°”° Interestingly the 
disintegrative efficiency of this source was superior to the 
HM3 (634 vs 831 SW). 

A very new and promising unit is the combination of an 
electrohydraulic with a piezoelectric generator. With this 
design, a variety of parameters can be controlled specifically 
to evaluate the ideal pulse profile and shock wave sequence. 
For in vitro application the optimization was successful, 
but this has to be confirmed in vivo and in the clinical 
setting.*?! 

In summary, various companies realized different focal 
sizes. There is the trend to use the smaller focal sizes for 
ureteral calculi, but until now, there is no study proofing any 
advantage of the adaptation of the focus. Moreover, it is clear 
that the energy output will remain unchanged. 


23.3 Physical Mechanisms 
of Fragmentation 


To this date, the perfect design of a lithotripter generator 
cannot be defined, since the mechanisms of the shock wave to 
destroy stones and tissue are not elucidated sufficiently. None 
of the specific mechanisms — spallation, squeezing, or cavita- 
tion—alone completely describes stone fragmentation. 

The initial stone fracture is similar to fracture of any 
brittle object and can be considered as a process whereby 


cracks form as a result of internal stresses generated by 
extracorporeally applied shock waves. Cracks are presumed 
to initiate at locations where the shock wave induced stress 
exceeds a critical value. The further stone disintegration is 
based on the growth and coalescence of these cracks under 
repetitive loading and unloading in a process described as 
dynamic fatigue.*? 


23.3.1 Spallation 


In spallation, the distal surface of the stone represents an 
acoustically soft interface, therefore generating a reflected 
tensile wave from the initially compressive focused shock 
wave pulse that enters and propagates through the calculus 
(Fig. 23.7). The degree of reflection depends on the surface 
of the stone. Thus, spherical shock wave fronts contribute to 
compression-induced tensile cracks. In translucent oval 
calculi (i.e., ellipsoid type), it could be demonstrated by 
Zhong et al.,” that this maximum tension occurs close to the 
distal end of the stone, resulting in a fracture about two-thirds 
from the proximal end of the stone. The same could be dem- 
onstrated when using cylindric stones. 


23.3.2 Squeezing 


In squeezing, the shock wave is assumed to be broader than 
the stone and travels in liquid along the side surface of the 
stone, thereby creating circumferential stress on the calculus. 
The positive part of the pressure wave acts on the stone by 
quasi-static squeezing inducing a binary fragmentation with 
first cleavage surfaces that are either parallel or perpendicu- 
lar to the wave propagation (Fig. 23.8). Eisenmenger’ sup- 
posed that the wave velocity in the surrounding fluid is much 
lower than the elastic wave velocities in the stone; that is, the 
longitudinal wave moves through the stone leaving the “thin 
shock wave” in the fluid encircling and squeezing the stone 
in a quasi-static manner. The mechanism of squeezing sug- 
gests for high stone fragmentation efficiency focal diameters 
up to 20 mm (to be larger than the stone) with pulse dura- 
tions up to 2 us, but not necessarily a steep shock front. The 
focal positive pressure could be reduced to the lower pres- 
sure range of 10-30 MPa, because this is completely suffi- 
cient to overcome the breaking threshold of maximum 2 MPa 
for human and artificial stones. This theory stimulated the 
discussion about the importance of a large focal size and a 
lower focal pressure (i.e., in the HM3) compared to the small 
focal size with high pressure due to the large aperture in 
these systems. 


270 


K.U. KOhrmann and J. Rassweiler 


Fig. 23.7 Tear and shear forces 
and cavitation 
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Fig. 23.8 Quasistatic squeezing (Reprinted from? with permission 
from Elsevier) 


23.3.2.1 Dynamic Squeezing 


Dynamic squeezing describes the phenomenon of shear 
waves, which are reinforced by squeezing from the lateral 
borders of the stone. Hereby, the shear wave initiated by the 
corners of the stone and driven by the squeezing wave along 
the stone leads to the greatest stress, whereas the reflection of 
the longitudinal wave at the posterior surface is of minor 
importance.” This theory is based on the parallel travelling 
of longitudinal waves propagating inside the stone and the 
shock wave front outside the stone in the liquid. As a result, 
all acoustic phenomena such as deflection, absorption, dif- 
fraction, or the shear and tear waves are considered as well as 
the phenomenon of reinforcing the longitudinal waves inside 
the stone by the waves travelling alongside the calculus. 


i 
Imploding Cavitation Bubble 


Tr ansmitted Wave 


Beside the direct action on the stone, the negative pres- 
sure wave causes cavitation in the water surrounding the 
stone, and also within the water in the microcracks and cleav- 
age interfaces of the fragmenting calculus. Cavitation plays 
an increasing role in particular when fragments become 
smaller after initial spelling. Using in vitro stone models, the 
erosion by cavitation is especially observed at the anterior 
and posterior side of artificial stones in vitro.” °’ Cavitation 
may lead to fragmentation of materials being resistant to tear 
and shear waves (i.e., cystine, cholesterol). The substantial 
contribution of fragmentation by cavitation is proved by the 
observation that suppression of cavitation by highly viscous 
media surrounding the stone or hyperpressure significantly 
reduces the disintegrative efficacy of shockwaves. For two 
reasons of high clinical significance cavitation has to be 
respected: it causes air bubbles, attenuating the subsequent 
shock wave, and seems to be an important factor of shock 
wave induced tissue injury”; that is, vascular lesions. 


23.3.2.2 Dynamic Fatigue 


Dynamic fatigue has been proposed as a general theory for 
stone comminution and tissue injury in SWL.” The theory is 
based on the observation that stone fragmentation inflicted 
by the lithotripter shock waves accumulates during the course 
of the treatment, leading to eventual destruction of the stone 
configuration. The stone fracture process is therefore charac- 
terized as an evolutional process consisting of three phases: 
initiation (i.e., based on dynamic squeezing), propagation 
(associated by cavitation), and coalescence (due to the 
increasing fragility). Finally, microcracks are produced by 
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the mechanical stresses associated with the lithotripter shock 
waves that may result in a sudden break off of the calculus 
once the molecular structure of the stone is completely 
destroyed. The theory relates the physical properties of the 
stone (i.e., fracture toughness, acoustic speed, density, and 
void dimensions) to the shock wave parameters (i.e., peak 
pressure, pulse width, pulse profile, and number of shocks 
for fragmentation). 


23.4 Clinical Factors Influencing 
the Efficacy of Shock Waves 


Between generation of the shock wave and its disintegrating 
effect on the stone, some essential prerequisites are to be pro- 
vided by the lithotripter: 


e Propagation and coupling of the shock wave from the 
generator to the patient 

e Localization of the stone 

e Stone positioning in the shock wave focus 

e Control of shock wave dose 

e Avoidance of tissue trauma 


23.4.1 Propagation and Coupling 


Any kind of air bubbles may attenuate the effect of shock 
wave propagation. Cavitation bubbles induced by the shock 
wave during its path decrease the energy by scattering and 
absorption of the following impulse.”’’° Additionally, air 
bubbles may be created by mechanical release of oxygen 
within the water. Such air bubbles may have a much longer 
lifetime than cavitation bubbles. This can be monitored by 
real-time ultrasound (i.e., during treatment of distal ureteral 
stones). 

Ideal coupling was realized in the Dornier HM3 using the 
water tank. Mainly due to cost reduction, modular, and mul- 
tifunctional use, all manufacturers provide a shock wave 
source with a coupling cushion. Therefore, the quality of 
coupling has become one of the key factors of success and 
has been studied recently in several experimental models.”**' 
It has been shown that even the method of gel application has 
impact on disintegration. By far the best values were achieved 
by mound application from the stock container compared to 
hand or zigzag application from a squeeze bottle. Finally, the 
quality of the water cushion can be important. The mem- 
brane can be injured by the gel or cleaning substances. As a 
conclusion, the following recommendations assure high cou- 
pling quality: shaving the skin if necessary, not shaking the 
ultrasound gel before application, high amount of warm gel 


from a container with large opening (not from a squeeze 
bottle with narrow cone), and checking homogeneous and air 
bubble free coupling visually or by in-line ultrasound. 


23.4.2 Stone Localization 


The imaging system for stone localization has to be inte- 
grated together with the generator in the limited space in the 
lithotripter and has to provide identification of all kinds of 
stones. 

There is still the debate over which imaging system 
fulfills best these demands.*'*** Fluoroscopy is the predom- 
inantly used system in clinical routine. Stone localization 
using this system can identify stones in the whole upper 
urinary tract, allows fast handling with short learning curve 
but cannot detect radiolucent and sometimes small stones 
and is burdened by X-ray exposure to the patient and the 
physician. 

Ultrasound has the advantage of targeting even radiolu- 
cent stones without radiation exposure and continuous real- 
time observation of stone positioning and disintegration 
process is possible. But calculi in the ureter are usually not 
detected sonographically (except in the very proximal and 
intramural part). Due to acoustic deviation, lateral ultra- 
sound may differ from coaxial ultrasound by some millime- 
ters. Theoretically, in-line ultrasound is the best imaging 
method, because the sound waves and shock waves travel 
similarly through the body to the stone. With the continu- 
ously improving ultrasound technology, sonographic local- 
ization has gained popularity. But its limitation lets 
fluoroscopy remain mandatory to ensure treatment of the 
broad spectrum of stone situations. Optimal, and realized in 
the high-end lithotripters, is the combination of both imag- 
ing systems. The geometry of the shock wave source some- 
times limits their use (alternatively but not simultaneously). 
Dornier even implemented two ultrasound systems plus iso- 
centric fluoroscopy in their Tri-mode system. In addition, 
the imaging system plays a crucial part in identifying frag- 
mentation and complete disintegration (see later). Therefore 
this is, besides the shock wave generator, the most important 
component of a lithotripter. 

The computer-aided system Lithotrack (Storz-Medical, 
Fig. 23.9) should help to reduce the radiation exposure of 
the patient. The system applies optical triangulation for 3-D 
navigation. Because the shock wave head is arranged geo- 
metrically in-line with the isocentric fluoroscopic C-arm, 
the correct position of the SW-source can be controlled by 
virtual reality without the need of continuous fluoroscopy. 
The SuperVision system (AST, Fig. 23.10) of the Lithospace 
uses an optical tracking system, which can be adapted to 
several ultrasonic devices as well as to fluoroscopic C-arms. 
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X-Ray-Localization 


Fig. 23.9 Lithotrack for three-dimensional (3D) X-ray navigation 
(Storz Modulith SLK, courtesy of Storz Medical AG, Switzerland) 


Fig. 23.10 LithoSpace AST (Courtesy of AST GmbH, Germany) 


In the Sonolith I-sys (EDAP TMS, Fig. 23.11) the shock 
wave focus is automatically positioned after marking the 
stone position on the fluoroscopic or ultrasound screen. 


23.4.3 Stone Positioning 


A precise positioning and fixation of the stone in the focal 
point of the shock wave is aspired to; however, respiratory 
movement may dislodge the calculus considerably and will 
reduce disintegration. Immobilization of the stone by high- 
frequent ventilatory respiration and respiratory belts with 
triggering of SW-impulses were clinically effective but 
turned out to be too invasive or time consuming. A larger 
focal zone has the advantage of reducing the rate of incorrect 
hitting impulses. If lithotripters with smaller focal zones are 
used, real-time coaxial ultrasound localization may be the 
optimal alternative to guarantee adequate coupling and local- 
ization of the stone." 


23.4.4 Control of Shock Wave Dose 


In the clinical ESWL session, the applied shock wave dose is 
controlled only by three parameters: rate (pulse/minute), 
generator voltage (energy level of the specific lithotripter), 
and the total number of shots. 


23.4.4.1 Pulse Rate 


A variety of experimental and clinical studies have been per- 
formed to evaluate the influence of shock wave rate on disin- 
tegration and side effects of ESWL. By increasing the shock 
wave rate over 60 or 90 pulses/min, the fragmentation effi- 
cacy decreases and tissue trauma can be more pronounced. 
An explanation is the boosted occurrence of cavitation, when 
consecutive shock waves are applied before the cavitation 
bubbles induced by the previous shot are not yet collapsed. 
A recent metaanalysis including 589 patients in four ran- 
domized controlled trials suggests that patients treated at a 
rate of 60 shocks/min have a significantly greater likelihood 
of a successful treatment outcome than patients treated at a 
rate of 120 shocks/min.*’ Based on these findings, the pulse 
rate should not exceed 60 pulses/min (1 Hz) and in critical 
patients (i.e., with solitary kidneys, previous anticoagulants) 
the shocks even work at lower rates.™ In the clinical reality, 
however, such low PRF prolongs the treatment time signifi- 
cantly and may lead to inconvenience for the patient who may 
not maintain a stable position for such a long time. 71748 


23.4.4.2 Process of Generator Voltage Along 
ESWL Session 


According to several experimental in vitro and in vivo studies, 
the slow increase of the generator voltage (“ramping”) was 
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Fig. 23.11 Sonolith® i-sys 
Electroconductive lithotripter — 
EDAP TMS (Courtesy of EDAP 
TMS, France) 


recommended.” The stress waves can initiate fragmentation 
at low output voltages, but higher-energy shockwaves are 
required to produce greater cavitation activity and overcome 
the attenuation and scattering effect created by the collection 
of stone fragments. In the later part of SWL therapy, increased 
output voltages compensate for attenuation created by the 
collection of small particles surrounding the larger residual 
stone fragments and also enhance the cavitation activity. 
Moreover in this manner the initial atraumatic low energy 
induces vasoconstriction to protect the kidney when the 
energy is raised.“ 


23.4.4.3 Defining Endpoint of Shock 
Wave Application 


ESWL application in the clinical routine case is terminated 
either when the maximal shock wave number is reached or 
the stone is completely disintegrated. The number of applied 
shock waves has to be restricted due to increasing risk for 
tissue trauma (see later). This number depends on the applied 
shock wave energy. It is defined by experimental and clinical 
studies for each specific lithotripter and indicated by the 
manufacturer. 

To define the endpoint of comminution of the particular 
stone is much more difficult for the physician. The prediction 


of success, and fragmentation of stones in particular, is a mul- 
tifactorial problem including attributes of the stone (e.g., 
composition, size, impaction), properties of shock wave (e.g., 
focus configuration, energy), application (e.g., shock wave 
rate, number, “ramping”), coupling, precision of stone local- 
ization (e.g., three-dimensional positioning in the focal area, 
tracking due to stone movement during breathing, patient 
repositioning), and patient’s condition (obesity, acoustic win- 
dow limited by bone and air-filled bowel). 

Since the necessary shock wave doses cannot be predicted, 
it is essential to monitor the progress of fragmentation and to 
proof the “complete” disintegration (required maximal frag- 
ment size actually not defined!). This depends on the diag- 
nostic principle and its quality during or after the treatment 
(e.g., fluoroscopy, digital plain film, CT-scan ultrasound). 
Actually, we have to concede that all imaging modalities (in 
particular those that are integrated in the lithotripters) do not 
allow the detection of complete disintegration, as far as the 
stone can be localized anyway. To stop the shock wave appli- 
cation before reaching the maximal allowed limit (unless 
stone cannot be localized anymore) implies the risk of incom- 
plete treatment. This disadvantage of the noninvasive ESWL, 
compared to endoscopic procedures with the advantage of 
direct inspection, has to be considered and accepted. 

The definition of comminution endpoint within one 
ESWL session or after retreatment is one of the most critical 
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unsolved problems in the application of lithotripters. Here 
we have to consider that the personal operating experience is 
an essential predictive factor for success. According to 
“evidence-based medicine” this has to be integrated into the 
decision making.*! 


23.4.5 Avoidance of Tissue Trauma 


Extracorporeal shock wave lithotripsy still can be dangerous 
and life threatening.” The incidence of gastrointestinal injury 
secondary to ESWL has been estimated at 1.8%,” including 
colonic perforation or duodenal erosions.** Shock wave 
induced tissue damage is known to be dose dependent. The 
numbers of shocks in relation to the energy output (i.e., 
generator voltage) contribute to mechanisms of tissue 
damage.**** Shock wave induced damage of renal paren- 
chyma primarily occurs at vessels and tubular cells. 
Depending mainly on the energy output (generator voltage), 
first, venules are damaged in the medulla followed by rup- 
ture of arterioles in the cortex. The main physical reasons for 
this are cavitation (i.e., for ecchymosis) and tear and shear 
forces depending on sudden changes (leaps) of impedance in 
the tissue penetrated by the shock wave; nuclei of cavitation 
in the parenchyma, blood, urine or bile; and the elasticity and 
resistance of the tissue exposed to shock waves. In the por- 
cine model, there is a potential for unfocussed shockwaves to 
damage blood vessels outside the focal zone when the vascu- 
lature is seeded with cavitation nuclei.“ The wide distribu- 
tion of damage in this study suggests that the acoustic field 
of a lithotripter delivers negative pressure that exceeds the 
cavitation threshold far off the acoustic axis underscoring 
that conditions permissive for cavitation can lead to dramatic 
sequelae following ESWL. 

There is still the controversy whether the energy flux den- 
sity is the most important parameter for shock wave induced 
tissue damage.” If that will be proved, this would strongly 
support the theory of a larger focal zone providing similar 
energy output (correlated to stone fragmentation), but signifi- 
cantly less energy density (resulting in less trauma). Shock 
wave energy ramping along the ESWL session by pretreat- 
ment with low energy can additionally reduce the risk for 
renal damage.“ 


23.5 Comparison of Lithotripters 


Numerous efforts have been made to define and compare 
efficacy of the different devices by experimental studies and 
clinical evaluations. But to this date no standards exist for 
this issue. 


23.5.1 In Vitro Studies 


Different centers used artificial or natural stones®’ to com- 
pare the different shock wave sources. Electrohydraulic and 
electromagnetic generators provided the highest disintegra- 
tive capacity and could destroy the hardest of the natural uri- 
nary stones. Within these findings, electromagnetic sources 
provided the widest range of energy from very low to very 
high energy levels. In contrast, piezoelectric generators need 
more shots to destroy the stones. 


23.5.2 Clinical Efficacy Quotient 


For clinical comparison, the essential parameters of efficacy 
were calculated to the efficacy quotient (EQ): 


rate of stonefree patients after 3 months 
100%+rate of re - ESWL+rate of auxiliary procedures 


EQ% = 


The highest efficacy was provided by the lithotripter, which 
reached the highest rate of stone-free patients with the lowest 
number of retreatments and lowest rate of auxiliary procedures 
(to treat complications or to complete disintegration). 

The highest EQ was calculated for the very first commer- 
cial lithotripter — the unmodified Dornier HM3. Few other 
generators reached this high efficacy level (Table 23.2). Due 
to the higher retreatment rate, usually piezoelectric litho- 
tripters had a tendency to a lower efficacy quotient. 


23.5.3 Clinical Trials 


Retrospective evaluations show a wide range of efficacy for 
particular lithotripters and sometimes conflicting results. 

It has to be mentioned that studies providing the highest 
scientific evidence — like multicenter, prospective random- 
ized studies are missing. Single-center randomized trials*'-** 
confirmed the superior efficacy of the classical Dornier 
HM3 compared to third-generation (Siemens Lithostar 
Plus) or fourth-generation (Storz Medical Modulith SLX) 
electromagnetic machines.* Hereby the different anesthetic 


Table 23.2 Efficacy quotient (EQ) for different lithotripters according 
to a literature review by Teichmann”? 


Generator System 


No. of Patients EQ 


Dornier HM3 Electohydraulic 4,242 


0.64—0.67 
Modulith SL20 Electromagnetic 1,049 0.57-0.67. 
Lithostar C Electromagnetic 22999) 0.56-0.64 
Medstone STS Electrohydraulic 3,015 0.60-0.67 
Econolith Electrohydraulic 500 0.56 
Dornier Doli Electromagnetic 103 0.36 
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regimens have to be respected: epidural anesthesia for HM3 
and Lithostar compared to analgosedation for Modulith. 


23.5.4 Clinical Classification of Lithotripters 


Additional facilities of the lithotripter define the treatment 
comfort for the patient and the medical staff as well as the 
possibility for multiple and interdisciplinary use. The valu- 
able equipment of fluoroscopic and sonographic imaging 
systems and treatment tables can be designed to be used for 
general diagnostic procedures as well as endourological and 
other interventional measures. For these issues the patient 
has to be positioned stable on the table. The table has to be 
movable in all three dimensions and optional to be tilted in 
Trendelenburg position. A comfortable access for the sur- 
geon to perform transurethral or percutaneous procedures 
should be enabled. For a smooth work flow, a narrow arrange- 
ment using fixed integrated lithotripter components are opti- 
mally integrated in the high-end lithotripter for a urological 
workstation, with capital costs of about 300,000-—350,000 €. 

In the modular system, the components, for example, 
localization system (most frequently fluoroscopic C-arc) and 
operating table, can be used separately from the shock wave 
source. Usually these systems, with capital costs of 250,000- 
300.000 €, need more space and working time to be com- 
posed and adjusted for the ESWL session. 

The low-budget lithotripter consists of a mobile shock 
wave source with limited efficacy, an integrated ultrasound 
localization system that is coupled by a water cushion to a 
patient, who is positioned on a common stretcher. The capital 
costs for such an “economy class” model is 150—250.000 €. 

For the comprehensive clinical classification, additional 
parameters (e.g., adverse side effects) should be respected. 
With this respect, the most effective HM3 device usually 
requires general anesthesia; in contrast, the less effective piezo- 
electric lithotripters can be applied without any analgesia. In 
most institutions, those lithotripters are preferred that can be 
used in analgosedation (modified HM3, other electrohydraulic 
and electromagnetic lithotripters, high-energy piezoelectric 
lithotripter). Therefore, a correlation between disintegrative 
efficacy and pain/need for anesthesia can be assumed. 


23.6 Treatment Philosophy: 
SWL Versus Endourology 


For most of the calculi in the upper urinary tract, different 
options are offered as reasonable and successful treatments. 
The physician’s experience is the next essential factor. 
However, the final decision is set by the patient’s preference. 


In general, patients have to decide among three different 
strategies (Table 23.3). 

In Europe, the advantage of SWL being able to be used 
without anesthesia is highly appreciated.” Therefore, the 
second-generation lithotripters were favored even if they had 
limited efficacy compared to the HM3 under analgesia. In 
contrast, in the USA the application of general or spinal 
anesthesia for a comfortable shock wave treatment is not 
assessed as a disadvantage. Under anesthesia, maximal 
energy can be applied with the intention to reach the highest 
rate of stone disintegration independently of the induced 
pain. The solitary limit is the tissue trauma. 

The difference in using anesthesia has resulted in a bias in 
the competition for the nomination of the “gold standard” 
lithotripter. Until now the unmodified Dornier HM3 is seen 
to provide the highest disintegrative efficacy and is usually 
run under anesthesia. The high-end second- or third- 
generation lithotripters (Storz Modulith, Siemens Lithostar, 
Wolf Piezolith, etc.) did not exceed this, but treatment usually 
was applied under analgesia-sedation.*’ Studies should 
be conducted to compare all these machines (including the 
flexible focal zones of the latest machines) under the same 
conditions (general anesthesia) with respect to disintegration 
and trauma. The results would then provide a basis for the 
next comparison against the endoscopic procedures. 


Table 23.3 The three strategies for treating stones in the upper urinary 
tract 


Strategy 


Advantage Disadvantage 


SWL without ° No anesthesia e Lower stone 
anesthesia clearance rate 
e Low complication e Longer follow-up to 


SWL under ° 
anesthesia 


Endourology ° 
under 
anesthesia 


rate by procedure 


Low 
treatment costs 


No drainage 
(stent, PCNL) 


Better 
disintegration rate 


Low complication 
rate by procedure 


Moderate 
treatment costs 


No drainage 
(stent, PCNL) 


Highest immediate 
stone clearance rate 


Shortest treatment 
time 


stone clearance 


Risk of complication 
during passage of 
residual fragments 


Higher costs in 
follow-up 


Moderate duration 
up to stone clearance 


Risk of complication 
during passage of 
residual fragments 


Moderate costs in 
follow-up 


Risk for severe 
complications 


Anesthesia 


e Shortest and e Drainage (stent, PCNL) 
least expensive re-intervention for 
follow-up removal of drainage 
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23.7 Future of Shock Wave Lithotripsy 


Epidemiology of urolithiasis and the tendency not to await 
spontaneous passage results in an increasing need for active 
stone removal. 

Concerning their efficiency, lithotripter development 
seems to have reached a peak level in recent years. A further 
increase is not to be expected. But attention should be paid to 
the advance in our knowledge about shock wave physics, 
control parameters, and modes of action on the stones. 
A breakthrough with significantly improved clinical results 
by using new generator concepts is not foreseeable. 

For most stone situations there will remain a reasonable 
choice between SWL versus endoscopic procedures. The 
evolution of tools for endoscopic stone removal is proceed- 
ing. Adverse side effects of both treatment concepts are 
minimized. 

Patients can expect a nearly 100% success rate. 
Additionally they expect more and more a very comfortable 
treatment. Therefore, the tendency is to be treated under gen- 
eral anesthesia even for SWL to ensure pain-free and rapid 
(by using highly effective shock waves) therapy. 

In conclusion, SWL will continue to play an established, 
if slightly reduced, role in stone treatment in the future. 


23.8 Conclusions 


Shock wave physics, mechanism of stone destruction, and 
developing the optimal shock wave source are not completely 
understood. Therefore, improvement of ESWL cannot be 
foreseeable up to now. Endourological procedures are the 
competitors. But due to the increasing need for stone inter- 
vention due to patients’ demands for early stone removal and 
increasing stone incidence, ESWL will retain an established 
role in stone treatment. 
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Biological Effects Produced by High-Energy 2 4 
Shock Waves 


Yifei Xing, Eric C. Pua, W. Neal Simmons, F. Hadley Cocks, 
Michael Ferrandino, Glenn M. Preminger, and Pei Zhong 


Abstract High-energy shock waves are known to produce a wide range of bioeffects 
associated with their clinical applications. In shock wave lithotripsy (SWL), which is the most 
successful application of shock waves in clinical medicine for noninvasive disintegration of 
kidney and upper urinary stones, transient hematuria, hematoma, and temporary deterioration 
of renal function may be produced. These short-term side effects in the kidney usually disap- 
pear in a few days or weeks without leading to serious long-term complications. However, 
there are continued efforts to investigate and understand the relationship between shock 
wave exposure and potential chronic adverse effects, such as new onset of hypertension and 
diabetes mellitus (DM). In particular, it has been advocated that high-energy shock waves 
should be administered judiciously to elderly and pediatric patients who are at higher risk for 
shock-wave-induced adverse effects than are young adult patients. Besides SWL, bioeffects 
produced by high-energy shock waves have been harnessed and exploited for the treatment 
of a variety of non-urological diseases. Shock wave therapy has been used extensively to 
promote bone fracture healing, pain alleviation for conditions such as epicondylitis, and the 
healing of chronic ulcers. Although the effectiveness and efficacy of these treatments still 
need to be fully validated, numerous studies have suggested that shock waves can stimulate 
healing through promotion of both osteogenic and angiogenic pathways. In addition, new 
avenues of applications are emerging as the feasibility of using shock waves for transient 
permeabilization of cell membrane has been demonstrated, suggesting the possibility of shock 
wave-targeted, noninvasive drug and gene delivery to internal organs. 


24.1 Introduction focusing, coupling, and stone localization confound investiga- 
tions of bioeffects. As SWL enters its third decade of clinical 
use, a growing body of literature from laboratory and clinical 
studies has accumulated concerning the acute and chronic 
injuries associated with high-energy shock wave exposure. 
Besides the adverse effects produced by shock wave-tis- 
sue interaction, numerous studies have explored the poten- 
tially beneficial bioeffects of high-energy shock waves that 
may be harnessed for therapeutic applications. Perhaps the 
most well-known therapeutic application outside SWL is in 
the field of orthopedics, where shock waves have been used 
to treat a number of conditions, including lateral epicondyli- 
tis, plantar fasciitis, and fracture healing. Moreover, thera- 
peutic use of shock waves is not limited to the musculoskeletal 


Although the widespread use of shock wave lithotripsy (SWL) 
has proven effective for the management of urinary tract cal- 
culi, the adverse biological effects resulting from exposure of 
patients to high-energy shock waves are still not completely 
known. Acute and chronic injury produced by SWL remains a 
clinical concern and has been a topic of debate for more than 
20 years. Furthermore, efforts to understand the bioeffects pro- 
duced by high-energy shock waves is complicated by the evo- 
lution and diversity of technologies used in clinical lithotripters. 
Particular advances in methods of shock wave generation, 
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In this chapter, we discuss the biological effects produced 
by high-energy shock waves, including acute and chronic side 
effects of SWL. The first section of this chapter focuses on 
shock wave treatment of urolithiasis along with its potential 
acute and chronic complications (renal and extrarenal). The 
second section of this chapter discusses additional existing and 
potential therapeutic applications of shock wave-tissue inter- 
actions, including the emerging fields of ultrasound-mediated 
gene transfer and drug delivery. 


24.2 Adverse Bioeffects of SWL 


24.2.1 Renal Complications 


24.2.1.1 Acute Effects 


Observations from animal studies and clinical treatment have 
demonstrated that shock waves can cause injury to the kidney. 
Pathological examination of human and animal kidneys have 
shown endothelial cell damage to midsized arteries and veins, 
as well as glomerular capillaries immediately following 
SWL.'” Thin-walled arcuate veins in the corticomedullary 
junction are especially vulnerable to shock wave exposure 
and are related to hematuria and hematoma.! Injury to arteries 
is commonly limited to the level of the interlobular to afferent 
arterioles.! SWL-induced vascular injury includes disruption 
of the vessel wall, especially the endothelium, resulting in 
extravasation of blood cells into the surrounding tissue and 
clot formation at the site of the rupture.* Electron microscopy 
has revealed distinct sites of endothelial rupture, with signifi- 
cant changes observed in the peritubular capillaries, where 
complete breaks are seen to pass through the cell and its base- 
ment membrane.'“ This type of damage is not observed in 
other forms of renal trauma and may be unique to SWL.° 

Hematuria is acommonly observed acute adverse effect of 
SWL, with most cases presenting as gross hematuria. In addi- 
tion, SWL-targeted kidneys frequently exhibit hemorrhage of 
varying degrees in one or more areas, including the perirenal 
fat, the subcapsular tissue, and the tubular parenchyma.’ Clin- 
ically, symptomatic intrarenal, subcapsular, or perirenal fluid 
collections and hematomas occur at a rate of 0.2-1.5% of 
patients undergoing SWL.*'° However, when computerized 
tomography or magnetic resonance imaging (MRI) is per- 
formed routinely post-SWL, the hematoma rate may increase 
to 20-25%.'"- While the number and energy level of the 
shock waves play a critical role in hematoma formation," 
several additional risk factors have been identified, including 
bleeding diseases, diathesis, hypertension, obesity, diabetes 
mellitus (DM), and administration of antiplatelet activity 
medicine. Presentation of hematoma has also been shown to 
increase significantly with patient age." 


SWL-induced hematuria is often self-limited, typically 
not requiring intervention. Treatment is conservative in most 
cases. The most common outcome of hematoma formation is 
spontaneous radiographic resolution of the hematoma within 
a mean of 13 months without clinically evident adverse 
effects on blood pressure or renal function.'° 


24.2.1.2 Functional Alteration 


Although the extent of acute alterations in renal function 
induced by shock wave treatment is not fully elucidated, several 
functional alterations are observed. Paraaminohippurate acid 
(PAH) clearance and extraction levels have been used pre-and 
post-SWL to evaluate renal function alterations after shock 
wave treatment. A change in PAH clearance indicates an 
alteration in renal blood flow, altered tubular function, or 
both. Animal studies have demonstrated that PAH clearance 
levels decreased significantly after SWL but returned to base- 
line levels within a few days.'”'* Other blood and urine mark- 
ers that serve as indicators of renal injury, such as rennin, 
creatinine, N-acetyl-b-p-glucosaminidase (NAG), B(beta)- 
galactosidase (B-Gal), B(beta)-2-microglobulin (B2M), were 
found to be altered immediately after SWL, implying deterio- 
ration of renal function by shock wave exposure.'* However, 
similar to PAH, these biochemical markers return to near- 
normal levels within a few days, thereby negating their utility 
in determination of long-term bioeffects."* 

An immediate decrease in effective plasma flow, as mea- 
sured by renal scan, was reported in 30% of kidneys treated 
with SWL." Nonobstructed kidneys were found to have par- 
tial delay to complete loss of contrast excretion after SWL. "° 
The decrease in renal function has been linked to the number 
of shocks administered. Although the underlying mechanism 
is still unknown, preexisting renal diseases, urinary tract 
infection, and solitary kidneys have been found to correlate 
with more severe renal function alterations. 

On the cellular level, SWL has been found to have an apop- 
totic effect on renal tubular cells that can be detected up to 4 
weeks after the treatment, while, in contrast, no apoptotic 
effects on glomerular cells have been observed.” Treatment 
with SWL also attenuates the proliferative indices of both tubu- 
lar and glomerular cells. Animal studies have documented 
that the calcium channel blocker, verapamil, has a protective 
effect on histopathologic features at 24 h and 3 months follow- 
ing SWL.”' Nifedipine, another calcium channel blocker, given 
pre-SWL has shown a significant reduction in urinary markers 
of acute tissue injury.” Based on these findings it has been sug- 
gested that some preventive medications, such as calcium 
channel antagonists, might be a reasonable option in patients 
who are at high risk for more severe renal lesions after SWL.” 

Although the mechanisms for SWL-induced renal injury 
are believed to be mechanical in nature (from cavitation” 
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and shear stresses**”>), several studies have indicated that 
free radical formation may also play a role in renal damage 
during SWL. Antioxidants such as vitamin C and E, as well 
as caffeic acid, phenethyl ester, and allopurinol, have been 
reported to reduce shock-wave-induced renal tubular oxida- 
tive stress, providing significant protection against radical 
damage or prevent free radical formation in animal models 
and patients.” Nifedipine, a calcium antagonist, was also 
found to significantly decrease the protein markers associ- 
ated with impaired renal function in patients.” The potential 
mechanisms of calcium antagonists on renal function 
include inhibition of pathologically increased influx of 
calcium ions, restoration of impaired effective renal plasma 
flow by vasodilation, and prevention of renal parenchyma 
ischemia.” 


24.2.1.3 Chronic Effects 


During the past decade, a number of studies have been car- 
ried out to determine the link between SWL and renal fail- 
ure, hypertension, and diabetes mellitus. Despite the concerns 
for potential long-term adverse effects, the correlation 
between SWL-induced injury and long-term complications 
have yet to be clearly determined. 

Acute vascular lesions produced by shock wave treatment 
have been observed to progress to scar formation and may 
subsequently result in chronic loss of nephrons and functional 
renal mass. Renal fibrosis has been found in experimental 
canines 1 month following treatment by the Dornier HM3 
lithotripter, with the severity of scarring dependent on the dose 
of shock waves.** It is believed that the inner medulla of the 
kidney may be particularly susceptible to damage from shock 
waves, but both tubules and glomeruli may also be affected. 
Necrotic atrophy of renal papillae at 3 months post-SWL has 
been reported,” with scar formation spanning throughout the 
thickness of the kidney.” Single-photon emission computed 
tomography (SPECT) has shown some loss of renal function 
and scarring persisting 1 month after treatment.” 

The association of acute onset hypertension with SWL 
has been a controversial subject since it was first reported in 
the late 1980s.” A prospective study showed an increase in 
intrarenal resistive index in patients 60 years of age and 
older.” This finding implies that SW treatment of elderly 
patients may be associated with serious, long-term adverse 
effects, and that age is a risk factor.” However, despite these 
indications of a link between SWL and hypertension, a direct 
association is unclear and is the subject of considerable 
debate.***“* Concerns of the potential link between SWL 
and diabetes mellitus (DM) have been highlighted by a recent 
study from the Mayo Clinic. In a retrospective 19-year follow- 
up, it was found that patients who underwent SWL for the 
treatment of kidney stones in 1986 were at higher risk of 


developing DM compared to the control group without shock 
wave treatment.“ The development of diabetes mellitus in 
the SWL group was associated with the number of shocks 
administered and the total acoustic energy delivered during 
the treatment.“ However, several drawbacks in the study 
design have been noted.**° For example, the control cohort 
included patients who received conservative treatment for 
urinary stones. Additionally, stone disease in the SWL group 
was typically more severe than in the control group. More- 
over, differences in stone size were not controlled in multi- 
variate analysis, and therefore, the severity of urolithiasis may 
have been different between the SWL and control groups. 
These discrepancies might affect the new onset of diabetes 
mellitus, which is considered to be independently associated 
with the development of urinary stones.“ Family history, a 
known risk factor for the development of diabetes mellitus, 
was not reported for either cohort. Furthermore, the data for 
the SWL group were collected via self-report questionnaire, 
whereas the data for controls were determined through chart 
review, potentially introducing collection bias. 

In contrast to the findings of the Mayo Clinic study, Sato 
et al. compared the new onset of DM after SWL in renal and 
ureteral stone groups and did not find significant differences 
in the BMI, preoperative prevalence of hypertension, or DM 
as metabolic parameters.“ Their data showed no significant 
difference in the new onset of DM between the renal (and 
ureteropelvic junction [UPJ]) and ureteral stone groups.“ 
However, several limitations of this study have also been 
identified.** First, matched comparison between treatment 
groups was not performed and length of follow-up was not 
consistent for all patients. Second, although both groups 
required surgical intervention, stone size was significantly 
larger in the renal group compared with the ureteral group. 
Finally, the survey response rate was low (30%).** It should 
also be noted that there is significant difference in the shock 
wave dose and energy levels administered in these two stud- 
ies. Significantly lower shock wave exposure was used in 
patients in Japan compared to their counterparts in the 
USA.**"! Therefore, it is fair to conclude that the Mayo Clinic 
report should be viewed as a warning of possible long-term 
adverse consequences of SWL, which should be applied 
more judiciously. Clearly, further clinical and basic research 
is warranted to determine the threshold and potential causal 
effect between SWL and DM. 

Multiple SWL treatments may also exacerbate stone dis- 
ease. In the past 3 decades, there has been a clear rise in the 
occurrence of calcium phosphate (CaP) stones and a transi- 
tion from calcium oxalate (CaOx) stones to CaP stones.” 
A striking positive correlation between the percentage of CaP 
stones and the number of lithotripsy sessions per patient has 
been observed.*° The number of SWL procedures was higher 
for CaP stone formers than for CaOx stone formers and was 
highest for patients with brushite stones.°° 
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24.2.2 Effect of SWL in Pediatric Patients 


Shock wave lithotripsy has been used for the treatment of 
renal stones in pediatric patients since the mid-1980s.*' To 
date, there are conflicting reports in the literature regarding 
the potential detrimental effects of high-energy shock wave 
treatment on the development of kidneys in children. In 
1998, Lifshitz and associates reported that SWL impaired 
bilateral renal growth in pediatric patients..* However, other 
pediatric series have shown no changes in blood pressure, 
predicted renal growth, mean body height, glomerular filtration 
rate, or split renal function after SWL treatment.” Most 
recently, Reisiger et al. compared SWL-treated kidneys with 
nontreated, contralateral kidneys for expected and actual 
kidney size and growth rate, but found no statistically signifi- 
cant differences." 

Although most clinical reports indicate that SWL in chil- 
dren is not associated with inevitable risk of adverse effects, 
shock wave treatment should always be applied with caution 
and with minimal dose and energy level in the pediatric popula- 
tion. At a high energy level and large number of shocks, litho- 
tripsy has been shown to cause renal damage in animal models 
and may even result in transient damage of tubular function 
in children.”°>’>° Furthermore, it has been demonstrated, in a 
porcine model, that small kidneys are more susceptible to SW- 
induced injury than their adult counterparts.” 


24.2.3 Extrarenal Effects 


24.2.3.1 Cardiovascular System 


The main concern regarding SWL-associated adverse effects 
on the cardiovascular system is the induction of arrhythmic 
activity. Initially, it was considered that shock waves are 
capable of producing cardiac arrhythmia as they traverse 
through the body. Therefore, synchronizing the shock wave 
release rate with electrocardiogram was recommended to 
prevent extrasystolic cardiac arrhythmias.°' With this mode 
of operation, SWL only rarely induces arrhythmic events”*'; 
however, the patient heart rate determines the shock wave 
release rate and, therefore, the duration of the procedure. 

Ungated SWL procedures do not incorporate cardiac syn- 
chronization, allowing a higher number of shocks to be 
delivered per minute. Although ungated SWL was reported 
to be occasionally associated with cardiac arrhythmias, the 
procedure has been demonstrated to be safe and effective in 
the adult population.°~” 

Myocardial injury produced by SWL and its potential 
connection with arrhythmic activity have been investigated 
by correlating measurements of creatinine kinase with isoen- 
zymes, plasma troponin I, and serial ECGs.’ The results 


indicated that lithotripsy is unlikely to cause damage to the 
heart and that SWL-induced arrhythmias do not appear to be 
associated with myocardial injury. 


24.2.3.2 Lung 


Several animal studies have demonstrated that direct exposure 
of lung tissue to high-energy shock waves can cause 
severe damage, such as hemorrhages, alveolar rupture, severe 
emphysema, congestion, edema, inflammation, loss of normal 
structure, and epithelial desquamation.“”° This is likely 
caused by the strong wave reflection and resultant stresses 
generated at the lung tissue—air interface due to their large dif- 
ferences in acoustic impedance.” Because of the anatomical 
separation between lung and kidneys, pulmonary injury dur- 
ing SWL is rarely observed clinically in adult patients.” 
However, great care should be taken to prevent pulmonary 
injury from SWL in children.” 


24.2.3.3 Liver 


Liver injury following SWL is extremely rare in clinical 
practice and has only been reported sporadically during the 
past decade. Examples of SWL-induced injury in liver 
include subcapsular hematoma, formation of amebic abscess, 
peritoneal liquid collection in perisplenic and paracolonic 
spaces, and bilateral pleural effusions.” Meyer et al. have 
suggested that known liver lesions, such as hemangioma in 
or near the shock path to the right kidney, should be a con- 
traindication of SWL procedure.” 


24.2.3.4 Pancreas 


Several studies have evaluated the acute damage of the pan- 
creas following SWL for upper urinary tract (UUT) calculi, 
but the results are controversial. A slight increase in blood 
amylase and lipase,*° small pancreatic hematomas,*' and 
acute pancreatitis” have been observed post-SWL. In con- 
trast, other studies evaluating the changes in serum markers 
following SWL for kidney stones failed to detect any increase 
in serum amylase and lipase.** More recently, serum values of 
c-peptide, insulin, and glucagons, known to be reliable markers 
for determining acute pancreatic injury, were shown not to 
increase significantly over time after SWL." Furthermore, no 
significant differences were found between the serum values 
of the group treated by SWL for proximal ureteric or kidney 
stones and the control group,® leading the authors to con- 
clude that SWL for UUT calculi may not cause pancreatic 
trauma and the subsequent development of DM.“ The dis- 
crepancies between these studies may be caused in part by the 
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large variety of lithotripters used, each with differing focal 
zone characteristics and shock wave dosages. Because of the 
potential and occasional incidence of pancreatic injury caused 
by SWL, applying the minimal necessary shock wave dose 
and energy for treatment of patients with UTT stones is a 
logical recommendation. 


24.2.3.5 Bowels 


In a recent review, 62 of 3,423 (1.81%) patients experienced 
a documented gastrointestinal (GI) injury complication fol- 
lowing SWL.* Reported complications from case studies in 
which shock waves traversed the peritoneal cavity include: 
small bowel and colon perforation, ureterocolic fistula for- 
mation, GI anastomosis dehiscence, cecal ulcers, colon ery- 
thema, bleeding per rectum, pancreatitis, peripancreatic 
hematoma and abscess formation, liver and spleen subcapsu- 
lar hematomas, and ileus.** The results from these studies 
suggest that a higher dose of shock waves during SWL may 
pose injury risks to the GI system. 


24.2.3.6 Ureter 


To date, few studies have been performed to investigate SWL- 
induced bioeffects on the ureter. It was reported that shock 
wave exposure did not alter ureteral epithelial cells, although 
histological evidence indicated changes to the muscular layer 
in an animal model.*° Interstitial and intracellular edemas 
were found by light microscopy. Marked chromatin and mito- 
chondrial changes were observed at the subcellular level, and 
the adventitial layer was notably edematous initially. How- 
ever, these changes returned to normal within 5 days after 
SWL treatment." Clinically, no morphological abnormality of 
the ureter was detected by magnetic resonance imaging (MRI) 
in patients who underwent SWL for lower ureteral stones.*’ 

In several case reports, though, ureteral rupture with ret- 
roperitoneal urinoma has been reported.** Ureteral complica- 
tions of this nature, though rare, further emphasize the 
importance of adequate pre-and postoperative evaluation, as 
well as the precise identification of the cause of the persistent 
pain after SWL.” Well-controlled clinical studies need to 
be performed to more precisely determine the effect of SWL 
on morphology and function of the ureter. 


24.2.3.7 Testes and Ovaries 


Experimental and clinical studies have demonstrated fairly 
conclusively that SWL does not cause severe adverse changes 
in testicular and ovarian function.**°! Consequently, male 
and female fertility are not affected by SWL.”*? 


24.2.3.8 Pregnancy 


Although there have been reports of using extracorporeal 
shock wave lithotripsy (ESWL) during pregnancy, either 
knowingly or inadvertently,” pregnancy is still considered a 
contraindication of SWL because of the potential disruptive 
impact on the fetus.” Results from animal studies support 
the clinical observation of spontaneous miscarriages secondary 
to SWL.* 


24.3 Other Therapeutic Applications 
of Shock Waves 


24.3.1 Clinical Shock Wave Therapy 
for Bone and Tissue Healing 


In addition to its widespread use in the treatment of kidney 
and ureteral stones, high-energy shock waves have been 
exploited for the treatment of musculoskeletal disorders and 
soft tissue healing. The application in these areas is generally 
referred to as shock wave therapy (SWT) or extracorporeal 
shock wave therapy (ESWT). Although the effect and indi- 
cations for SWT are not completely clear, the number of 
orthopedic cases treated in Germany by SWT is similar to 
those of SWL for urolithiasis.” To date, SWT has been 
employed to facilitate the healing of delayed unions and non- 
union fractures and for the treatment of calcifying tendonitis 
of rotator cuff, lateral epicondylitis, plantar fasciitis, and 
chronic ulcers of lower extremities. Furthermore, shock 
waves have been demonstrated to induce angiogenic and 
antibacterial effects. While the mechanisms associated with 
these therapies are still largely unknown, the range of appli- 
cations for shock wave therapy outside of urology continues 
to expand. 


24.3.1.1 Shock Wave Therapy for Healing 
of Chronic Ulcers 


The adaptation of SWT for soft tissue healing has been inves- 
tigated during the past decade. A dose-dependent effect of 
shock waves on the healing of partial-thickness wounds in a 
porcine model was observed by Haupt et al.” It was noted 
that high-energy treatments (100 shocks at 18 kV) induced 
inhibition of reepithelialization, while low-energy treatments 
(10 shocks at 14 kV) stimulated healing. In another study, 100 
shocks at a very low energy density (0.037 mJ/mm7’) have 
been successfully employed to treat lower extremity ulcer- 
ations. A decrease in ulcer size with concomitant reduction in 
pain was noted after 4—6 treatment sessions.” 
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24.3.1.2 Shock Wave Therapy 
for Orthopedic Disorders 


The applications of SWT for soft-tissue conditions, primarily 
in the management of lateral epicondylitis, plantar fasciitis, 
and other forms of tendonitis, have been investigated exten- 
sively. Significant relief in pain with concomitant radio- 
graphic improvement has been observed for calcific tendonitis 
of the shoulder and rotator cuff injury when low and high 
dose shock waves were delivered compared to the control 
group.'°"'°' ESWT has also been used for the treatment of 
lateral epicondylitis (tennis elbow). In several randomized 
clinical trials, significant pain reduction was reported in the 
treatment group compared to the control. ">! In 2000, SWT 
was approved by the Food and Drug Administration (FDA) 
for treatment of plantar fasciitis in the USA. Studies have 
shown that the delivery of low energy shock waves correlates 
with reduced pain and increased mobility.!°"'° 

While numerous studies have reported positive treatment 
outcomes in SWT of orthopedic disorders, several randomized 
double-blind studies have shown no statistical differences 
between treatment and sham groups, although improvement 
over the control group is often observed." Thomson et al. 
performed a comprehensive review of the randomized clinical 
trials employing shock waves for alleviation of plantar fascii- 
tis, concluding that, despite a statistically significant reduction 
in heel pain, SWT produced a small effect size and that the 
two trials yielding the greatest support for SWT were also of 
lower experimental quality.''° 


24.3.1.3 Shock Wave Therapy for Fracture Healing 


Similar to its effects on urinary calculi, shock waves are 
believed to cause microfractures in bones, which, in turn, may 
stimulate neovascularization, osteoblast formation, and sub- 
sequent healing.'''"''’ A dose-dependent relationship was 
observed in which higher energy shock waves, as opposed to 
a higher number of impulses, produced greater gross changes 
to the bone structure.''* Based on these observations, it was 
postulated that controlled shock wave delivery could produce 
controlled microfractures and fracture hematoma, which in 
turn could stimulate bone growth via an osteogenetic 
response. Several studies have demonstrated improved 
radiologic healing and better mechanical stability with mor- 
phologic indications of enhanced fracture healing in animal 
models following low energy shock wave treatment. "1119117 
The clinical application of SWT for fracture healing in 
Europe, particularly in Germany, has increased rapidly in 
popularity over the past decade. The ability to stimulate heal- 
ing in cases of pseudarthrosis through a noninvasive modal- 
ity appeals to clinicians seeking a nonsurgical intervention. 
Three phases of healing have been suggested following shock 
wave treatment: (1) shock-wave-induced callus formation at 


soft-tissue intersection, (2) subsequent fragment connection, 
and (3) cortical reorientation.''* The use of shock waves was 
found to be effective in stimulating osteogenetic effects in a 
series of studies.''*'*! In particular, it has been observed that 
SWT was most successful in hypertrophic nonunions as 
opposed to atrophic nonunions.'”! 

For treatment of pseudarthrosis and other forms of frac- 
ture healing, some have questioned the true effectiveness of 
shock wave treatment.!??!?? In a review of clinical studies, 
Biedermann conceded that, while the data has shown some 
promise, inconsistencies in experimental models suggest a 
lack of concrete evidence to support the use of SWT.” Oth- 
ers have questioned the impact of natural healing in clinical 
studies, believing that stabilization of fractures, as is com- 
mon for shock-wave-induced fracture healing, may play a 
large role in the treatment.” Furthermore, the high level of 
variability in fractures and the impact of follow-up timelines 
may also obscure the interpretation of the experimental 
results. While the use of SWT for orthopedic indications and 
bone healing has increased in Europe, there have been rela- 
tively few investigations aimed at determining the primary 
mechanisms in shock-wave-induced fracture healing and 
osteogenesis. 


24.3.1.4 Mechanisms of Shock-Wave-Induced 
Healing 


In contrast to the significant number of clinical investigations 
on SWT for soft-tissue disorders and bone healing, relatively 
few studies have been carried out regarding the mechanisms 
of shock-wave-induced healing. Early studies suggested that 
the impact of shock waves on bone might disrupt calcium 
deposits while stimulating neovascularization, thus poten- 
tially inducing neural effects as well. Ohtori et al. observed 
nearly complete degeneration of nerve fibers in shock wave- 
exposed rat skin, followed by reinnervation of the epidermis 
2 weeks after the treatment.'** Direct damage to nerve fibers 
may be a primary effect of analgesic shock wave therapy." 
The fact that SWT enhances both bone and tendon regenera- 
tion suggests that shock waves may induce cell signaling 
responsible for the growth and maturation of mesenchymal 
progenitors from bone marrow.’ Wang et al. hypothesized 
that shock wave therapy promotes the growth and differen- 
tiation of bone marrow mesenchymal cells via the induction 
of osteogenic growth factors.'*° In a series of experiments 
using rat models, they found a correlation between SWT and 
the induction of transforming growth factor-beta (TGF-B 1) 
and core binding factor alphal (CBFA1), as well as the acti- 
vation of angiogenic transcription factors (HIF-1a[alpha]) 
and VEGF-A expression.'**~'”’ These findings suggest that 
shock wave therapy may affect healing through multiple 
mechanisms. Differentiation of mesenchymal stromal cells 
into osteoprogenitors could produce bone matrices for new 
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bone growth, while angiogenic activity may also be stimu- 
lated by shock waves through the formation of reactive oxy- 
gen species. '7°!7’ 


24.3.1.5 Treatment of Peyronie’s Disease 


Over the previous decade, shock wave therapy has been 
applied to the treatment and management of Peyronie’s dis- 
ease (PD). In PD, fibrous plaque formation results in an abnor- 
mal upward curvature of the penis, producing erectile pain and 
dysfunction. In early clinical studies employing the Storz 
Minilith SL1, approximately half of the patients experienced 
improved angulation (straightening) in the penis after 3,000 
shocks at energy density of 0.11-0.17 mJ/mm,? with over half 
of those treated experiencing pain relief.'**'? Minimal bruis- 
ing was reported following the shock wave treatment, and no 
other significant side effects were reported.'”’ Similar to other 
shock wave therapy procedures, the underlying mechanism 
for alleviation of PD curvature and pain is largely unclear. 
Possible effects speculated include the stimulation of an 
inflammatory reaction that stimulates plaque lysis, improved 
vascularity, and induction of contralateral scarring, which may 
provide a compensatory straightening effect." However, sub- 
sequent investigations into the efficacy of shock wave treat- 
ment for PD have demonstrated that the procedure may only 
provide pain relief without significant straightening or func- 
tional improvement. In a prospective study by Hauck et al., the 
absence of serious side effects from shock wave treatment was 
confirmed; however, they also concluded that ESWT does not 
significantly affect penile curvature or sexual function, although 
some cases of notable improvement (about 30%) after treat- 
ment did occur. Pain alleviation, though, was reported by 76% 
of patients. In a metaanalysis of 17 clinical trials, Hauck et al. 
concluded that the efficacy of ESWT for PD is questionable, 
with inconsistent criteria for patient recruitment and posttreat- 
ment comparisons.'*! Recent studies in rat models have pro- 
vided further evidence that shock waves do not significantly 
affect plaque volume or penile structure.'** Therefore, despite 
anecdotal evidence that shock wave treatment may alleviate 
symptoms of PD, ESWT is not recommended as a standard 
therapy for Peyronie’s disease.'** 


24.3.2 Shock-Wave-Mediated Gene 
and Drug Delivery 


In addition to wound healing, other cellular level bioeffects 
of shock waves have been investigated for potential thera- 
peutic applications. Cavitation is a well-known mechanism 
associated with shock waves, oftentimes associated with cell 
lysis.!* However, it has also been observed that some cells 
not permanently damaged by cavitation bubbles could survive 


and uptake macromolecules that are normally incapable of 
passing through the cell membrane. This phenomenon was 
assumed to include a rapid opening and resealing of the 
plasma membrane.'**!*’ This effect on cell membrane perme- 
ability has been termed sonoporation and was first demon- 
strated in the mid 1980s through the use of 20 kHz ultrasound 
to introduce fluorescein-labeled dextran molecules first into 
ameboid mold cells, then HeLa cells and fibroblasts.!*°!°’ 
Sonoporation has been the subject of intensive investigation 
for the past 2 decades as a possible means of gene and drug 
delivery. Specifically, it has the potential to be employed as a 
means of targeted gene therapy through nonviral means or for 
increased localized delivery of anticancer drugs. 

The implementation of lithotripter shock waves for sonop- 
oration research began in the mid 1990s. In one in vitro study, 
the accumulation of fluorescein-labeled dextran in L1210 
cells was monitored after exposure to 1,000 shocks in an 
experimental lithotripter. These large macromolecules that 
are generally impermeable across cell membranes were 
observed in the cytoplasm of survival cells after shock wave 
treatment." Also, red blood cells were loaded with fluores- 
cent dextran by shock wave treatment for illustrating the 
uptake of molecules of relatively high molecule weight into 
erythrocytes." When static excess pressure was applied dur- 
ing shock wave exposure to reduce the size and number of 
cavitation bubbles, membrane permeability effects were sig- 
nificantly diminished. This study provided strong evidence 
that shock-wave-induced sonoporation is feasible and 
strongly correlated with cavitation activities. Furthermore, 
Lauer et al. demonstrated plasmid DNA delivery using shock 
wave exposures in a variety of in vitro cell lines, including 
HepG2, CV-1 monkey kidney cells, HeLa cells, and L1210 
mouse lymphocytic leukemia cells.'*° In these studies, while 
the ability to facilitate macromolecule transport into target 
cells showed much promise, shock wave exposures also 
induced high levels of cell lysis. 

Most attempts at harnessing shock wave bioeffects for 
gene and drug delivery have been focused on cancer treat- 
ment applications, particularly tumor therapy. Due to the 
highly focused nature of lithotripter shock waves, sonopora- 
tion could be used for improving highly selective treatment 
of tumors with large toxic molecules. The concept of com- 
bined shock wave therapy and gene or drug delivery to 
tumors was demonstrated in a B16 murine melanoma model. 
Reporter gene expression was significantly improved in mel- 
anoma tumors exposed to 24.4 MPa shock wave therapy. '*! 
Progressing beyond reporter gene expression, 500 shocks of 
7.4 MPa peak negative pressure were delivered to B16 and 
renal cancer cell (RENCA) carcinoma tumors following 
injections of air bubbles with recombinant interleukin-12 
(rIL-12) protein or DNA plasmids coding for interleukin-12 
(pIL-12). In these studies, both IL-12 treatments combined 
with shock waves produced significant reductions in tumor 
growth and increases in survival." Similarly, shock waves 
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were demonstrated to significantly increase the transfer, and 
subsequent action of, ribosome inactivating proteins gelonin 
and saporin in both L1210 and HeLa cells.'** Overall, tumor 
cell killing was greatly enhanced by shock wave exposure. 
Furthermore, in a murine SSK2 fibrosarcoma tumor model, 
500 shocks were administered to subcutaneous tumors after 
injections of gelonin and saporin. Significant remission of 
tumors was observed in 40% of mice when localized shock 
wave treatment was administered subsequent to systemic 
injection of toxins; however, regression was not observed in 
mice receiving only shock wave therapy or injections of 
gelonin and saporin. 

While others have observed natural tumor cell killing 
capabilities with lithotripter shock waves alone, the combi- 
nation of shock-wave-induced sonoporation with the 
administration of anticancer therapeutic agents may hold 
promise in a clinical setting. Zhong et al. have investigated 
methods of controlling permeabilization and cell death dur- 
ing shock wave exposure for improved sonoporation and 
delivery efficiency.'** Using a Dornier XL-1 lithotripter 
with a modified reflector, a preceding weak shock wave of 
—0.96 to —1.91 MPa in tensile pressure was delivered prior 
to the primary lithotripter pulse (>60 MPa in peak positive 
pressure). This preceding wave induces the formation of 
inertial microbubbles, which are collapsed in situ by the 
ensuing lithotripter pulse, leading to intensified cavitation 
activities in the focal region. At low treatment exposures 
(less than 100 shocks), this strategy was found to produce 
higher membrane permeabilization efficiency in a T-cell 
hybridoma line. At higher exposures (>100 shocks), sig- 
nificant cell death was observed. This study emphasized the 
importance of microbubble dynamics in shock-wave-medi- 
ated gene or drug delivery, illustrating that shock wave— 
bubble interaction can be tailored for different biomedical 
applications. 

More recent examinations have shed some light on the 
specific bubble—cell interactions that may occur to enable 
membrane permeabilization from shock waves or sinusoidal 
ultrasound exposures. Using low frequency (24 kHz) ultra- 
sound, Schlicher et al. sought to determine whether sonopo- 
ration occurred through active transport via endocytosis, 
passive transport through nanometer-sized pores, or molecular 
influx via actively repairable wounds in the cell membrane. '*° 
Their work in DU145 prostate cells suggests that micron- 
scale wounds form in the plasma membrane and reseal on 
the order of seconds by patching these pores with intracel- 
lular vesicles through a process that requires the influx of 
Ca’, a conclusion that is in agreement with observations by 
patch-clamp technique.'“° Due to the high level of cell lysis 
that generally occurs during sonoporation, particularly from 
shock waves, it was suggested that strategies to promote this 
repair mechanism may improve the overall efficacy with 
higher cell viability. Using high speed imaging of oscillating 


microbubbles in bovine endothelial cell cultures, others have 
proposed that shear stress from bubble oscillation may lead 
to the pore formation responsible for enhanced molecular 
uptake." Moreover, Ohl et al. demonstrated that while shock 
waves from inertial bubble collapse may not be the primary 
cause for sonoporation, radial jet flow from bubble implosion 
close to cell surfaces can generate shear stresses sufficient 
for tearing in the cell membrane.'** The effects of shear 
stresses associated with acoustic microstreaming and jet for- 
mation have been investigated previously within the context 
of ultrasound bioeffects, and the results are in agreement 
with these observations. '*”-'*! 

The feasibility of directing focused lithotripter shock 
waves at tumor sites for combined therapy and drug delivery 
for enhanced destruction of tumor tissue has been demon- 
strated in several murine models. However, sinusoidal ultra- 
sound exposures have been shown to produce more efficient 
gene delivery for therapeutic applications; in particular, 
shock wave exposures resulted in significantly reduced cell 
viability." Thus, most efforts to harness shock-wave- 
induced sonoporation have been focused on tumor therapy, 
in which maintaining a high level of cell viability is not a 
primary concern. Investigations have shown that control of 
inertial cavitation and microbubble size can greatly influ- 
ence sonoporation efficiency. Similar to other ultrasound 
studies, the incorporation of cavitation nucleation agents can 
significantly increase effects on membrane permeability.'*’ 
Shock-wave-induced sonoporation has also been explored 
for treatment of thrombolysis!‘ and disruption of the 
blood brain barrier.'*° 


24.3.2.1 Other Bioeffects of Shock Waves 


Besides stone fragmentation, soft-tissue and bone healing, 
and drug delivery, other bioeffects produced by high-energy 
shock waves have been observed. It is clear from the previ- 
ously described applications that shock waves have a multi- 
tude of unexplored interactions with biological tissues, 
inducing significant changes through both physical and 
chemical processes. High-energy shock waves were found to 
induce a bactericidal effect on suspensions of Staphylococ- 
cus aureus. This antibacterial effect was found to increase 
with energy and the number of impulses delivered, offering 
potential applicability to sterilization procedures. In fact, 
Nigri et al. have used laser-induced shock waves to enhance, 
in vitro, sterilization of infected vascular prosthetic grafts. 
Importantly, they note that the shock waves had little to no 
effect on their own; instead, they can interact synergistically 
with the standard antibiotic therapy for improved efficacy.'™ 
In line with results from Wang et al. concerning the effect of 
shock waves on promoting the production of osteoprogeni- 
tors, others have investigated angiogenic effects of SWT for 
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applications in cardiology." Nishida et al. employed low 
energy shock waves to ischemic myocardium, observing 
complete recovery of left ventricular ejection fraction and 
myocardial blood flow.'* Furthermore, Nurzynska et al. 
observed in vitro that shock waves have a positive influence 
on the proliferation and differentiation of cardiomyocytes, 
smooth muscle, and endothelial cell precursors.'” These 
investigations provide encouraging preliminary evidence 
that shock waves can promote angiogenesis as a potential 
therapy for ischemic heart disease. Finally, others have 
employed shock waves both in vitro and in vivo to manipu- 
late stem cell differentiation. High-energy shock waves have 
been used as a pretreatment on cord blood CD34* cells to 
improve progenitor cell expansion, presenting shock wave 
therapy as a potential utility for genetic applications.'*' 


24.4 Conclusions 


The range of biological effects produced by high-energy shock 
waves continues to expand from the well-established treatment 
of urolithiasis by SWL to new applications in musculoskeletal 
disorders, wound healing, and macromolecule delivery. In 
SWL, the most common side effects are hematuria, hematoma, 
and temporary functional deterioration of the kidney, all of 
which typically resolve over a short period of time. These 
short-term side effects are often related to energy level, dose, 
and pulse repetition rate of the shock waves, as well as patient 
history. For chronic adverse effects, such as diabetes mellitus 
and hypertension, the causal relationship with shock wave 
treatment and associated mechanisms are still under investiga- 
tion. When SWL is administered at high-energy level with high 
pulse repetition rate, significant tissue injury with scar forma- 
tion has been demonstrated, leading to renal function loss. 
Therefore, high-energy shock waves should be used judiciously 
i.e., using energy level and pulse repetition rate as low as pos- 
sible to fragment the kidney stones), especially for elderly and 
pediatric patients who are at increased risk for shock-wave- 
induced chronic injuries. Regarding extra-renal bioeffects, 
except for some anecdotal evidence, damage from SWL to 
other organs adjacent to the kidney is rare. 

Beyond SWL, high-energy shock waves have been 
explored and employed extensively in Europe to facilitate 
the healing of soft tissue and bone fractures, as well as to 
alleviate other musculoskeletal disorders, such as epicon- 
dylitis. However, despite its growing use, debate continues 
over the effectiveness and efficacy of shock wave treatment 
for many of these indications. Similarly, investigation on the 
use of shock wave therapy for Peyronie’s disease has been 
controversial, leading to the general recommendation that 
shock wave should not be considered as a standard therapy 
for Peyronie’s disease. 


Moreover, shock waves at low dose (i.e., a few hundred 
pulses) have been demonstrated to induce a transient cell 
membrane permeabilization, opening up a new avenue for 
potential applications in targeted drug and gene delivery. In 
particular, the promise of shock-wave- or ultrasound-mediated 
tumor therapy is intriguing, enabling noninvasive and site- 
specific combinations of different treatment modalities to 
enhance the overall efficacy while reducing systemic toxicity. 

In summary, investigation into the multitude of bioeffects 
produced by high-energy shock waves continues to expand 
with current and potential applications in different clinical 
fields. Further mechanistic investigations on the cause of 
acute and chronic biological effects produced by high-energy 
shock waves are needed to improve the technology, treatment 
strategy, and overall patient outcome in SWL and ESWT, as 
well as to explore new applications in targeted drug and gene 
delivery, antibacterial, and angiogenic treatment. 
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Intracorporeal Nonlaser Lithotripsy 


Jorge Gutierrez-Aceves, Oscar Negrete-Pulido, 
and Marnes Molina-Torres 


Abstract Introduced in the 1980s, shock wave lithotripsy (SWL) is still considered a primary 
treatment option. Actually,minimally invasive endourological procedures may have a similar or 
even major role as therapeutic options. Most of the stones requiere fragmentation and the urolo- 
gist has several options of intracorporeal lithotripsy technologies. The ideal lithotripter should 
be usable in a variety of settings, multifunctional, with adjustable energy output, effective for all 
stone compositions, reusable, safe, and inexpensive. To decide which is the best alternative of the 
nonlaser options, it appears that the election needs to be individualized to the patient population, 
clinical scenario and to the physician practice. 


25.1 Introduction 


The introduction of shock wave lithotripsy (SWL) in the 1980s 
represented a great evolution in the management of urinary 
stones. Today, it is still considered as a primary treatment 
option in many clinical instances. Nevertheless, due to the out- 
standing technological evolution of the endoscopic instru- 
ments, as well as the development of different energy sources 
for intracorporeal lithotripsy, minimally invasive endourologi- 
cal procedures performed in a retrograde manner or through a 
percutaneous access have today a similar or even major role as 
therapeutic options to treat stones located in the urinary tract. 

According to the American Urological Association (AUA) 
Guidelines published in 2007, ureteroscopy, as well as SWL, 
is considered a first-line treatment option for calculi located 
in the distal or even proximal ureter.’ 

Percutaneous nephrolithotripsy (PCNL) is the most effec- 
tive treatment alternative for renal stones greater than 2 cm or 
other selected cases including lower pole stones larger than 
1 cm, hard stones, stones in morbid obesity or in anatomical 
abnormalities, reconstructed urinary tracts, or even large 
proximal ureteral stones.” Intracorporeal lithotripsy—either 
transurethral or suprapubic through percutaneous approach— 
has replaced the open cystholithotomy as the first treatment 
choice for bladder stones.* 
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Small stones may be removed intact; nevertheless, most 
of the stones larger than 5 mm require fragmentation and 
extraction of the resultant fragments. At the present time, 
there is a large variety of intracorporeal lithotripsy technolo- 
gies; electrohydraulic, ultrasound, ballistic or pneumatic, 
and various laser systems. The ideal lithotripter should be 
usable in a variety of settings, multifunctional, with adjust- 
able energy output, effective for all stone compositions, reus- 
able, safe, and inexpensive.° 

Laser systems have become in the first choice among stone 
fragmentation devices in many centers; nevertheless, in the 
present era cost may represent an important issue to decide 
which lithotripsy alternative to use. Here, we review the clini- 
cal data of different lithotripsy technologies other than laser. 


25.2 Electrohydraulic Lithotripsy 


Electrohydraulic lithotripsy (EHL), first described by Yutkin 
in the 1950s, was the first intracorporeal lithotripsy modality 
available for clinical use.° Today, this is the less expensive 
alternative available, and even when it has proved to be 
highly effective, it is probably the least demanded, mainly 
due to the lowest safety profile. 

Basically, the mechanism of fragmentation is through the 
effect of an electrical discharge produced in a liquid medium. 
This electrical discharge vaporizes the water surrounding the 
probe, creating a bubble of cavitation that rapidly expands and 
collapses. The result of this phenomenon is the generation of a 
shock wave that hits the calculi, producing fragmentation.’ 
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The first device developed, the URAT-1, was used clinically 
to treat bladder stones with efficacy and relative safety.* Today, 
in the bladder, the fragmentation rate index is more than 80% 
with low complication rates.” 

Indications in the treatment of ureteral stones began 
back in the 1970s. The initial experience reported high 
incidence of complications due to the use of the probe 
without the aid of endoscopic control: extravasations and 
ureteral perforations, inconsistent fragmentation, and ure- 
teral strictures.'°'' In contrast, later experiences with 
intraureteral EHL under endoscopic control demonstrated 
it to be an effective and safe method of stone fragmenta- 
tion. Reduction in the diameter of EHL fibers from 9 to 1.9 
Fr, controlled energy output, and the use of saline for irri- 
gation add additional safety to intracorporeal EHL litho- 
tripsy. A number of authors have reported success rates 
from 84% to >90%,'*'? although the reported rate of com- 
plications varies from 6% to 17.6%, most frequently related 
to mucosal erosion, submucosal inflammation, hemor- 
rhage, and ureteral perforation.'*""” 

From the intracorporeal devices, only EHL and laser 
systems are alternatives to be used in the treatment of intra- 
renal stones through flexible instruments. Elashry et al.'® 
reported their experience with the use of 1.9 Fr fiber in the 
treatment of 32 ureteral and renal stones with an overall 
stone-free success rate of 98% and 87%, respectively, in a 
subgroup of patients with stones in the lower pole; they did 
not observed any complications related with the use of 
electrohydraulic energy. 

In PCNL, Clayman reported a lower efficacy of EHL in 
comparison to other mechanical lithotripters as ultrasound or 
pneumatic lithotripsy; nevertheless, EHL may play an impor- 
tant role in the fragmentation and removal of stones located 
in nonaccessible calices using flexible endoscopes during 
PCN surgery." 


25.2.1 Surgical Tips on EHL 


Because EHL has the narrowest margin of safety of all forms 
of intracorporeal lithotripsy, careful attention to the technique 
must be observed in order to reduce the potential risk of com- 
plications and damage to the instruments. The following rec- 
ommendations may help to improve results and reduce risks: 


e Be sure that the insulation layers of the probe are intact. 

e The tip of the probe must be positioned at least 5 mm 
ahead of the endoscope in order to protect the lens. 

e The probe must be positioned 1 mm from the stone to 
assure maximal effect of the shock wave. 

e Maintain an adequate irrigation flow to keep the ureter dis- 
tended and avoid accidental shooting to the urothelium. 

e Use 1.9 Fr probes to improve the irrigation flow through 
the endoscope. 


e Be sure that the tip of the probe is visible away from the 
urothelium. 

e Do not activate the probe direct on the security guide wire. 

e Start with low power and increase the energy as needed. 

e Check periodically the insulation of the probe tip. 

e Be aware to use EHL in patients with external 
pacemaker. 


EHL is the less expensive intracorporeal lithotripter unit; 
depending on the place, the cost is around US $15,000 for 
the generator. The disposable probes have a cost of US $200 
— their lifespan varies in a range of 20 to 60 s. The last gen- 
eration of electrohydraulic devices, AEH-4 from Gyrus 
ACMI, has an integrated automatic circuit that prolongs the 
lifespan of the small probes. 


25.3 Ultrasonic Lithotripsy 


Ultrasonic lithotripsy, as well as EHL, has been slowly 
replaced by pneumatic or laser lithotripsy. Nevertheless, this 
technology maintains unique characteristics of fine fragmen- 
tation and simultaneous aspiration of stone particles, making 
this device still an interesting option for treating stones, 
especially in the kidney. In addition, this technology has the 
potential to be combined with pneumatic lithotripsy, increas- 
ing the spectrum of indications. 

Ultrasonic waves are those acoustic frequencies that are 
beyond the range of audibility of the human ear. They are 
mechanical waves covering a frequency range of 20,000- 
10 x 10 cycles/s (Hz). Ultrasonic waves may be generated in 
a mechanical, thermal, electrostatic, or piezoelectric manner. 
Ultrasonic lithotripters use piezoelectric waves to generate 
energy. Current transmitted from a foot pedal to a piezocer- 
amic crystal within a handpiece results in vibrational energy, 
which is transmitted along a solid or hollow probe, producing 
a drilling effect at the tip of the probe that results in fragmen- 
tation of the stone.%’ 

In 1953, Mulvaney” described the first attempt to destroy 
urinary calculi with ultrasonic waves. The first clinical appli- 
cation started in 1970s; and in 1984 Hautmann”! reported 
interesting results in the treatment of 412 patients with blad- 
der stones. Same as with other lithotripters, initial experience 
was obtained with bladder stones. Since the 1970s, several 
series have reported efficacy as high as 99% in stone frag- 
mentation with an adequate safety margin*’*** either via 
transurethral or percutaneous suprapubic. 

Since the 1980s, several reports proved the benefits of ultra- 
sonic lithotripsy in ureter, with success rates between 69% and 
100%.’ While this modality of lithotripsy can be used in ureter 
in association with rigid ureteroscopy, the large probe size 
and rigid nature of the probe may limits its utility. Using a 
solid 2.5 Fr probe, Chaussy reported complete stone fragmen- 
tation in 96.6% of patients,” and Fuchs obtained successful 
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fragmentation in 91%, 94%, and 98% for stones located in the 
proximal, middle, and distal ureter, respectively.” More 
recently, Gur,” using an 8 Fr ureteroscope in combination with 
a 4.5 Fr hollow probe, found 88% success without complica- 
tions. Some other authors have suggested that ultrasonic litho- 
tripsy is the method of election in ureter in selected cases like 
incrusted catheters or large steinstrasse due to the smooth and 
fine stone fragmentation.” 

Ultrasonic lithotripsy is most commonly utilized to treat 
large stone burdens during PCNL. The advantages of this 
modality, particularly for treating large stones, include 
proven safety, minimal effect on tissue, and the possibility to 
aspirate stone material through hollow probes during frag- 
mentation. The advantage of this device in PCNL has been 
reported since its early introduction in the 1970s.*° 

Recently, a new ultrasound dual probe ultrasonic litho- 
tripter, CyberWand (Gyrus/ACMI), (Fig. 25.1) has been 
introduced. This device incorporates coaxial high frequency 
and low frequency ultrasonic probes, which provide a syner- 
gistic mechanism to improve stone fragmentation, maintain- 
ing at the same time the suction capability. The CyberWand 
consists of an ultrasonic hand piece and two concentric 
probes: a 27-mm outer diameter inner probe and a 3.75-mm 
outer diameter outer probe. The inner probe is fixed to the 
hand piece and it vibrates at 21,000 Hz. The outer probe is 
free to move in a reciprocate fashion. It is pushed outward by 
a sliding piston driven by the vibration energy of the inner 
probe, and it is returned to its starting position by resistance 
from a coil spring. The outer probe is 1 mm shorter than the 
inner probe and its movement never passes the tip of the inner 
probe. Calculi fragmentation occurs from the conventional 
high frequency ultrasonic effect of the inner probe and also 
from the ballistic action of the low frequency outer probe.*! 

Kim, et al.*' showed in an in vitro study using artificial 
stone models that CyberWand has a better penetration capa- 
bility and stone fragmentation compared to a standard com- 
bined ultrasound and pneumatic energy device. These results 
were not reproduced by Ferrandino et al.” who reported, 
also in an in vitro study, that a conventional combined 
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Fig. 25.1 The CyberWand ultrasonic lithotripter with probe (Courtesy 
of Gyrus ACMI, Inc., Southborough, Massachusetts) 


ultrasound and pneumatic unit produce better results in terms 
of penetration, fragmentation, and extraction of stones than 
the CyberWand both in soft and in hard stone models. Miller 
et al.,* in an ongoing randomized clinical trial, compared the 
efficacy of CyberWand versus a standard ultrasound litho- 
tripter. In 38 PCNL, they did not find statistically significant 
differences between both units in the analyzed parameters — 
mainly the time to clearance and the stone clearance rate. It 
is clear that the final results of this and others prospective 
and comparative studies are required to establish the efficacy 
and potential benefits of this device. 


25.3.1 Surgical Tips on Ultrasonic Lithotripsy 


e Because of the rigidity of the probes, endoscopes with 
straight and wide working channels are obligated. 

e Saline or nonelectrolyte solution is useful for irrigation. 

e The surgical probe must be in direct contact with the 
periphery of the calculi, it is suggested to use short energy 
discharges to produce small stone particles that can be 
easily evacuated in a simultaneous fashion. 

e In large stone burden, a valid alternative is to fragment the 
calculi in a controlled manner to allow the removal of 
larger stone particles. 

e Continuous irrigation is obligated when activating the 
generator, in order to avoid overheating of the probe. 

e Avoid long energy discharge to reduce overheating of 
the probe; do not activate the probe if irrigation has been 
interrupted. 

e Maintaining continuous irrigation improves suction of 
stone particles. 

° The hand piece and the probes are reusable; nevertheless, 
both pieces must be periodically evaluated and replaced. 


Conventional ultrasound technology costs range from 
US$15,000 to US$20,000; the disposable probes cost 
US$250 and may be reused in most parts of the world. The 
new dual probe generator CyberWand has an approximated 
cost of US$30,000 and the cost of the probes varies from 
US$250 to US$350. 


25.4 Ballistic/Pneumatic Lithotripsy 
(Lithoclast) 


The Swiss Lithoclast uses a direct contact solid rigid probe 
using a principle similar to a pneumatic jackhammer. In this 
system, clean pressure air acts as an energy source to propel 
a projectile contained in a hand piece against a metal rod in 
contact with the stone at a pressure of 3 atm and a frequency 
of 12 Hz. Repeated impacts of the probe tip against the stone 
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results in a mechanical stone breakage. The device uses solid 
probes available in sizes ranging from 0.8 to 3.0 mm; they do 
not allow simultaneous evacuation of the stone particles; 
they do need to be used through a rigid endoscope.*’ 

Studies of tissue effects of Lithoclast in animals have 
demonstrated the safety of the device. After probe firing, 
focal areas of hemorrhage were visible, but no perforation of 
the bladder or ureteral or mucosa injuries were observed, nor 
other long-term damage related to the use of the device.*** 

The Lithoclast is universally effective in kidney, ureter, 
and bladder stones, including very hard stones. Reported 
fragmentation rates range from 84% to 97% and stone-free 
rates in ureter is 70% to 95%, depending on the location of 
the stone within the ureter, with no complication related 
to the device.” Treating large stone burdens in kidney or 
bladder, most of the series report fragmentation rates greater 
than 95%"? 

Successful lithotripsy with Lithoclast is facilitated with 
fixation of the stone against the urothelium in order to allow 
the jackhammer action of the probe. This fixation of the 
stone is relatively easy to achieve with stones in the kidney 
or in the bladder. Nevertheless, in the ureter, particularly in 
stones located in the proximal segment or when the ureter is 
dilated above the stone, retrograde migration of the stone is a 
potential problem. Trapping the calculi inside a Segura bas- 
ket or similar tools, like the stone cone, prevents the proxi- 
mal migration of the stone when using pneumatic lithotripsy 
in ureter." 

Trying to avoid the migration problem, EMS Company 
developed the Swiss Lithoclast System 2, which works on 
the principle of simultaneous fragmentation and suction, 
using variable air pressure and frequency (2-12 Hz). The 
foot pedal controls the frequency and the hand piece controls 
the suction mechanism, helping in stabilizing the stone, 
thereby preventing migration. Some authors have reported 
similar results when comparing this system with Ho-Laser in 
the treatment of ureteral stones.“ 


25.4.1 Surgical Tips on Pneumatic Lithotripsy 


e Hold the stone against the urothelium to avoid continuous 
movement of calculi during lithotripsy in kidney or in 
the bladder. 

e The probe must be in direct contact with the surface of 
the stone. 

e Initiate the fragmentation on the periphery of the calculi 
and keep control on the resultant fragments. 

e As the stone fragments are getting separated from the big 
stone mass, remove them with forceps. 

e Avoid uncontrolled migration of large fragments to different 
calices. 


e When the stone is in the ureter, trap it before activating 
the foot pedal. 

e As the stone gets smaller inside the basket or similar tool, 
remove it without forcing against the ureteral wall. 


The conventional Swiss Lithoclast system has a favorable 
cost, comparable with other intracorporeal lithotripters; the 
cost of the generator ranges from US$15,000 to US$20,000 
and the reusable probes range from US$400 to US$600. 


25.5 Combined Pneumatic 
and Ultrasound Lithotripsy 


The combination between the efficacy in fragmentation of 
pneumatic lithotripsy with the aspiration and clearing capa- 
bility of the ultrasound energy bring an important advance in 
intracorporeal lithotripsy. The Lithoclast Master (EMS, 
Bern, Switzerland), commercialized as Lithoclast Ultra 
(Boston Scientific, Natick, MA), represents an all-in-one or 
combo product that allows the possibility to use pure pneu- 
matic lithotripsy with or without suction (Lithovac), pure 
ultrasound energy, or the combination of both energies with 
a better efficacy and versatility in fragmentation. 

Pneumatic probes are available in different diameters 
(0.8, 1.0, 1.6, and 2.0 mm); the 1.0 mm probe may be 
inserted into a hollow 3.3 or 3.8 mm ultrasound probe. The 
tip of the pneumatic probe is positioned at the same distance 
of the ultrasound probe, to allow the contact with the calculi 
surface with both energies. The generator can be used either 
in separate pneumatic or ultrasound activation mode or in 
combined activation mode. The unit allows adjustments of 
the pulse frequency up to 12 Hz, number of pulses, and the 
pneumatic pressure level of the Lithoclast. The ultrasound 
power can be set from 10% to 100% with a frequency of 
24-26 kHz.’ 

Due to the rigidity and size of the probe, the combination 
pneumatic/ultrasound lithotripter can be used only in the 
management of renal stones; nevertheless, it appears to be 
the most efficient device currently available for PCNL. In 
vitro studies demonstrated a significantly faster time to frag- 
ment phantom stones with the combined pneumatic/ultra- 
sound unit (7.41 min) versus the ultrasound (12.87 min) or 
the pneumatic lithotripter (23.76 min) used individually.*° 
Clinical studies have proved the fragmentation and clearance 
efficacy of the device, with stone-free rates after PCNL from 
76% to 89.7%.*""* Pietrow et al. compared in a clinical study 
the combination mode versus the pure pneumatic mode and 
showed a faster fragmentation and clearance of stone frag- 
ments with the pneumatic/ultrasound lithotripter.”’ In another 
clinical study, Lehman et al. found a significant improve- 
ment of fragmentation using the combination mode in hard 
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stones; they did not observed any difference between the 
combination and the pure ultrasound energy in soft stones.*° 


25.5.1 Surgical Tips on Combined 
Pneumatic/Ultrasound Lithotripsy 


e Recommended star setting is 50% of ultrasound power 
and 100% of pneumatic power at 4 Hz. This may increase 
the probe lifespan. 

e If stone is not efficiently fragmented, increase the ultra- 
sound power step-wise by 10% to a maximum of 100% 
and the pneumatic power to a maximum of 12 Hz until 
adequate fragmentation occurs. 

e When the power is increased, the fragmentation improves. 
Nevertheless, when the ultrasound power reaches 100% 
and the pneumatic energy reaches 12 Hz, the penetration 
power on the stone is mainly produced by the pneumatic 
energy; this may produce a noncontrolled number and 
size of stone fragments.*! 


The combined pneumatic and ultrasound Lithoclast sys- 
tem has a cost ranging from US$39,000 to US$45,000. The 
reusable probes have an approximate cost of US$500. 


25.6 Electrokinetic Lithotripsy 


At the end of 1990s, a new alternative of ballistic lithotripsy 
was developed. The principle of the electrokinetic lithotripsy 
(EKL) device is the same of a jackhammer as in Lithoclast; 
the only difference is that in EKL, instead of a projectile 
road, a magnetic core is accelerated electromagnetically. An 
electromagnetic field produced inside the hand piece allows 
vibration at 15—30 Hz; this drilling movement is transmitted 
to the distal tip of the probe and produces the jackhammer 
effect on the calculi. 

In vitro studies have proved that the efficacy of EKL is 
equally effective as pneumatic lithotripsy.” Several clinical 
studies have evaluated the efficacy of this method. Keeley 
et al.” reported excellent results, in terms of ureteral stone 
fragmentation, of 99.3% with high security margins; never- 
theless, they also reported only an 80% stone-free rate, due 
to the frequent retrograde migration of large stone fragments 
into the kidney. Comparative studies in the management of 
ureteral stones have also proved that success rates do not dif- 
fer between EKL and pneumatic lithotripsy, but the require- 
ments of stone baskets to trap the stone before fragmentation 
have been more necessary with EKL, due to a major pro- 
pulsion of the electromagnetic energy.**** More recently, 
De Sio et al., in a randomized study comparing EKL versus 
pneumatic lithotripsy, also demonstrated similar efficacy, 


with stone-free rates of 94.7% and 89.4%, respectively, and 
excellent safety margins.’ 

Despite these results and despite that EKL is a low-cost 
attractive lithotripsy option, overall, the popularity of the 
technology is still poor. 


25.7 Contact Ballistic Lithotripsy (LMA) 


The LMA _ StoneBreaker™ (LMA Urology, Gland, 
Switzerland) is a portable, nonelectric, contact ballistic intrac- 
orporeal lithotripter. The device requires no extraneous elec- 
tric or pneumatic connections; it is powered by a cartridge of 
high-pressure CO, gas, which delivers a pressure of 2.9 MPa 
at the tip of the probe. 

Once the cartridge has been perforated by the built-in 
screw system, the gas passes through a preadjusted pressure 
regulator—reducer to fill an intermediate chamber. A spring- 
loaded hammer is activated when the trigger is depressed; 
the compressed gas expands and in doing so transmits energy 
to the hammer; this impacts a guided projectile, which in 
turn transmits energy directly to the probe. Expended gas 
leaves the chamber through a specially designed exhaust port 
and exhaust line. A spring pushes the hammer back to its 
starting position; when the trigger snaps back, the intermedi- 
ate chamber is again filled with gas and the device is now 
ready for the next cycle and further use. One full cartridge 
allows delivery of at least 80 shocks. 

Animal studies were conducted by Rané et al.*° to evaluate 
the safety of the StoneBreaker in a model of acute ureteral 
perforation; there was no evidence of perforation even at arti- 
ficially high-pressure settings of up to 5.0 MP. They com- 
pared the fragmentation efficiency with the Swiss Lithoclast; 
the number of “hits” required to break stones at different size. 
For large stone phantoms (mean 7.4 g), the Lithoclast required 
a mean of 307 firings versus 77 for the StoneBreaker (P < 
0.001); for medium stones (mean 3.2 g), the respective values 
were 221 and 46 (P < 0.001); and for small stones (mean 
0.50 g), 72 and 26 (P < 0.01). 

Initial clinical experience reported by Rané et al.*° in a 
small cohort of patients, demonstrates a high effectiveness 
and safety, with fragmentation rates reaching 100% for renal, 
ureteral, and bladder stones, requiring an average of 10 hits 
per centimeter of stone and no side effects related with litho- 
tripsy. Nearly et al. found a fragmentation success of 100% 
in patients with ureteral stones without complications related 
to the lithotripsy; the number of shocks needed on average 
to fragment the stone was eight, and the incidence of stone 
retropulsion was 6.36%.*’ 

This new pneumatic lithotripsy appeared to be an interesting 
option; it is portable, safe, and a cost-effective alternative. 
The only disposable item in this unit is the CO, cartridge, 
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Table 25.1 Comparison of lithotripsy procedures 


Intracorporeal lithotripsy Effectiveness Utility in Hard 


Safety Flexible 


Versatility Stone localization studied 


(Stone-Free rates stones probes 
Electrohydraulic 87-98 + + Yes ar Kidney, ureter, bladder (KUB) + 
Ultrasound 88-98 aF ++ No KUB ++ 
CyberWand 56.25* tt ++ No Kidney ++ 
Ballistic 
Pneumatic 86.5—94 +++ SaF No JHP KUB ++ 
Electrokinetic 80-94.7 +++ + No ++ Ureter p 
Stonebreaker 77-100 HEE aa No TEE Kidney and ureter + 
Combination 
Ultrasonic/pneumatic 76-89.7 aera SETHE No aE Kidney +H 
Preliminary report 
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Laser Lithotripsy Physics 


Andrew J. Marks, Jinze Qiu, Thomas E. Milner, 
Kin Foong Chan, and Joel M.H. Teichman 


Abstract The physics of laser lithotripsy are reviewed. The principal mechanisms by which 
lasers fragment urinary calculi are photomechanical or photothermal. Photomechanical 
effects are produced in lasers with short pulse durations, typically <1 us. Such lasers include 
pulsed dye, Q-switched alexandrite, and FREDDY lasers. Photothermal effects are produced 
in lasers with long pulse durations, typically >10 us. Such lasers include Ho:YAG and 
Er:YAG. Different fragmentation is seen with photomechanical and photothermal lasers. 
Photomechanical lasers tend to be more efficient whereas photothermal lasers are slower but 
produce smaller fragments and fragment all compositions. The physics of optical fibers used 
for Ho:YAG lithotripsy is reviewed. 


26.1 Introduction 


A laser is a relatively pure form of optical energy; i.e., light. 
The word “laser” is an acronym for light amplification by 
stimulated emission of radiation. A basic laser consists of a 
gain medium in a resonant optical cavity. The gain medium is 
an excitable material, gas, solid, or liquid, capable of releas- 
ing photons when its electrons are excited, “stimulated,” or 
“pumped” by an external energy source. This external energy 
source can be electric current, chemical energy, or another 
light source. Since the gain medium is usually a homogeneous 
substance, electrons are stimulated to jump to uniform, higher 
energy orbitals and release photons with identical energy 
when they return to their more stable, lower energy orbitals. 
This process results in the emission of light at a single wave- 
length. Thus, lasers are fundamentally different than ordinary 
light from a household lightbulb or the sun’s rays. 
Amplification is usually achieved by placing the gain 
medium in a resonant cavity, the simplest of which is a box 
with two reflective surfaces on opposite ends. Imagine that 
the reflective surfaces act as mirrors on opposite sides and 
that there is no possible escape for the photons. Stimulated 
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light emission is thus reflected back and forth in the resonator 
through the gain medium providing further excitation and 
emission, with each stimulated photon having the opportu- 
nity to collide into a nonstimulated atom, in a binomial 
expansion, until it reaches a certain balance and the signal 
saturates. Furthermore, the opposite position of the mirrors 
produces radiation that is directional and in-phase. The end 
result is the production of highly uniform, collimated light of 
a single wavelength of in-phase photons (Fig. 26.1). 

In practice, the mirrors on the opposite ends of the gain 
medium consist of one total reflector and one partial reflector. 
The total reflector is ideally a 100% reflective mirror, while the 
partial reflector allows a portion of the light in the resonator to 
escape and is the output end of the laser cavity where the laser 
beam is emitted. This arrangement allows for continuous emis- 
sion of laser energy and is appropriately referred to as a 
continuous wave laser. Alternatively, the light can be released 
in a pulsed fashion by various mechanisms. One example is a 
Q-switched laser, which uses a Venetian blind or shutter mech- 
anism to intermittently release light. Another example is a 
mode-locked or phase-locked laser, which takes advantage of 
constructive and destructive interference in the resonant cavity 
to produce extremely short laser light pulses. The pulse duration 
has important implications for the mechanics of lithotripsy. 

The first lithotripsy lasers produced used a synthetic ruby 
crystal as a gain medium and a flashlamp as an energy “pump”. 
Subsequently, multiple gain media with different pumping 
mechanisms have been devised to deliver laser energy of 
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Fig. 26.1 A standard laser consists of a lasing medium, energized by 
an external energy source such as a flashlamp. Light oscillates between 
the mirrors, increasing in energy with each passage. Mirror 2 is partly 
transparent, and the laser beam emerges as a high-quality, collimated 
beam of laser energy! (Reprinted with permission from Teichman) 


different wavelengths at different energy settings. Lasers used 
in medical applications differ from industrial lasers in that their 
construction requires them to be mobile, to be readily serviced, 
and to withstand the rigors of clinical use. 

Gas lasers are among the oldest laser types for medical 
applications. These lasers use a gas such as carbon dioxide as 
the gain medium.’ CO, lasers produce laser light with a wave- 
length of 10,600 nm. They are the highest power continuous 
wave lasers that are currently available and also quite efficient. 
CO, laser light is highly absorbed by water and thus has a 
narrow depth of penetration. As a result, CO, lasers have been 
useful in treating penile and vulvar lesions such as superficial 
squamous cell carcinoma and ablative skin resurfacing, but are 
yet to benefit stone fragmentation because fiber optic delivery 
of 10.6-um wavelengths necessary for intracorporeal litho- 
tripsy either suffers losses in the fiber or limitations of hollow 
waveguides in an aqueous environment.*® 

Dye lasers use an organic dye such as coumarin as the 
gain medium and are usually flashlamp pumped.’ These 
lasers are both tunable (meaning the emitted wavelength can 


KTP (Nd:YAG SHG) 


be changed) and also produce short pulse durations with 
resultant high peak pressures. The coumarin dye laser has a 
wavelength of 504 nm, which is well absorbed by hemoglo- 
bin. Any excess or stray energy at 504 nm that “pass points” 
the stone and strikes the ureter is absorbed by hemoglobin 
and dissipated through blood flow, acting as an “energy sink,” 
providing a high margin of safety during lithotripsy.’ While 
they are safe, efficient lithotriptors, they tend to produce 
large fragments, and are poorly capable of fragmenting hard 
stones such as cystine, brushite, or calcium oxalate monohy- 
drate stones.*° 

Solid-state lasers use a solid gain medium. The solid gain 
medium is often composed of a crystalline host material 
doped with ions, which can be excited to the desired energy 
levels. These lasers commonly produce high output power in 
the near infrared spectrum. A common laser crystal is yttrium 
aluminum garnet (YAG). Lasers using YAG doped with neo- 
dymium, holmium, erbium, and thulium have been produced 
and studied for application in urology. Of these, the long 
pulse (pulse duration 250-350 us) holmium: YAG (Ho:YAG) 
laser has become the dominant laser currently used for litho- 
tripsy due to its versatility and safety profile. Another solid- 
state laser lithotriptor is the FREDDY (frequency-doubled 
double-pulse Nd:YAG) laser. This laser uses a KTP crystal in 
the resonator of a Nd:YAG laser to produce and emit laser 
light at both 1,064 and 532 nm simultaneously. The relative 
absorptions of hemoglobin, melanin, and water of radiation 
from various laser types are shown in Fig. 26.2. 


26.2 Laser Tissue Interaction 


When laser energy strikes tissue, there are three possible inter- 
actions: photochemical, photothermal, and photomechanical 
interactions.'! Photochemical interactions occur when laser 
light facilitates or catalyzes chemical reactions in tissues. 
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This process is usually achieved by administering a photosen- 
sitive dye, which accumulates in a desired tissue. This process, 
known as photodynamic therapy, takes advantage of a particu- 
lar dye’s ability to produce singlet oxygen when stimulated by 
light of a certain wavelength, which can then rapidly react 
with any nearby biomolecules. Photosensitizers to stones have 
rarely been attempted for laser lithotripsy, and success has 
been limited. Photochemical laser mechanisms are not used 
for lithotripsy currently. 

Photothermal interaction occurs when direct irradiation of 
tissues or materials by the laser light leads to vaporization and 
even ablation or fragmentation of tissues. Photothermal litho- 
tripsy can occur either by direct absorption of photons by the 
stone crystalline structure and disruption of the lattice, or by 
water within the lattice rapidly heating and producing fast 
vapor flow that in turn disrupts the lattice (“explosive 
vaporization” as occurs when one microwaves popcorn). 
Photothermal interaction is the dominant mechanism when 
long pulse laser (approximately 2-500 us per pulse) is 
applied.” For example, the free-running Ho:YAG and Er: YAG 
lasers fragment stones by photothermal mechanism. Efficient 
fragmentation or ablation through photothermal interaction is 
often associated with thermal confinement, where the laser 
energy is delivered within a pulse duration, usually <10 ms, 
shorter than the time it takes for heat to diffuse away from the 
immediate irradiated zone, causing adequate thermal buildup 
within the tissue for rapid vaporization.'* 

Photomechanical laser ablation occurs when the produc- 
tion of transient stress waves occurs from the deposition of 
laser energy on a tissue, material, or its surroundings, which 
then leads to cell death or ablation in tissues, and lithotripsy 
in stones. The pulsed dye and FREDDY lasers are examples 
of photomechanical lasers.'*'° During laser lithotripsy using 
short pulse lasers (typically less than 10 us), transient stress 
waves can be caused by three distinct mechanisms: ther- 
moelastic expansion, recoil due to ejection of ablated mate- 
rial, and by expansion of materials undergoing phase 
change.'*'* Thermoelastic expansion waves are generated 
when a tissue or material expands due to transient heating by 
laser energy. This expansion produces a pressure wave, which 
travels in all directions, but is reflected at the surface of the 
material producing a negative pressure wave traveling inward 
from the surface. If the negative pressure wave is strong 
enough, mechanical disruption may occur, a process known 
as spallation. Spallation occurs when a material undergoes 
rapid heating or cooling. An example of spallation is taking a 
hot ceramic plate from a dishwasher and running it under 
cold water. This rapid temperature cooling may produce 
irregular fragmentation. Secondly, when tissue ablation 
causes material to be ejected, conservation of momentum 
causes a recoil pressure wave, which may produce stress 
fracture deep to the actual surface of ablation.'° Lastly, and 
most importantly in lithotripsy using short pulse lasers (<1 us), 


laser-induced phase changes produce significant transient 
pressure waves that can fragment urinary calculi. One 
example of such a phase change is the production of plasma. 
Plasma is considered a fourth state of matter. It is produced 
by the vaporization of ions that exist in a cloud of shared, free 
electons. Due to plasma’s instability, rapid plasma expansion 
and contraction produce pressure waves capable of inducing 
stress fractures in the matrix of a stone. Plasma occurs with 
extremely short pulse durations, typically <500 ns, such as 
achieved with Q-switched lasers." Lasers that fragment stone 
via plasma mechanisms produce extremely high peak pres- 
sures at the tip of the optical fiber by virtue of the ultrashort 
pulse duration. Another example of phase change—induced 
pressure waves is the formation of cavitation bubbles, and 
cavitation occurs typically for lasers with pulse durations 
between 500 ns and 1 us (although may continue to occur for 
pulse durations up to 10 us). A cavitation bubble is caused 
by the rapid spherical expansion of laser-induced water vapor 
at the laser fiber tip. The spherical bubble then rapidly col- 
lapses in the noncompressible surrounding water several 
hundred milliseconds later. When collapse occurs, it releases 
the energy stored from its generation in an instant, creating 
very strong pressure waves, which strain the crystal matrix of 
stones leading to fragmentation! Fragmentation due to 
plasma formation tends to produce larger fragments com- 
pared to laser-induced cavitation bubbles." Cavitation bub- 
bles produce a characteristic pressure transient pattern. An 
initial pressure transient is caused by cavitation bubble 
expansion, followed by bubble collapse after the end of the 
pulse duration. After bubble collapse, there is a higher pres- 
sure transient caused by the release of bubble energy, leading 
to fragmentation. The amplitude (force) of the pressure tran- 
sient is related to the maximal bubble radius (raised to the 
power of three). Thus, photomechanical laser lithotripsy is 
characterized by initial pressure transient (bubble expansion), 
termination of the laser pulse, bubble collapse, a second pres- 
sure transient, and subsequent lithotripsy.'*'* The time course 
differs from photothermal lithotripsy so that photomechani- 
cal (cavitation-induced) lithotripsy produces an expanding 
spherical vapor bubble that after collapse produces mechani- 
cal energy that transmits to the stone and causes lithotripsy; 
photothermal lithotripsy produces direct irradiation of the 
stone and lithotripsy.'*'* In general, efficient fragmentation 
or ablation through photomechanical interaction is often 
associated with stress confinement, where the laser energy 
was delivered within a pulse duration, usually <1 us, shorter 
than the time it takes for mechanical stress to propagate away 
from the immediate irradiated zone, causing a rapid buildup of 
pressure and heat within the tissue and often generating a 
shock wave that causes physical dissociation of the target tissue 
or crystalline structure. 

The distribution of laser energy in tissues is important in 
determining the applications of a particular laser. The choice 
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of laser wavelength depends on the optical properties of the 
target tissue.'' If the tissue causes a large amount of photon 
scattering, less radiation is absorbed per unit tissue volume 
and the optical penetration is diminished. If there is minimal 
scattering, the only limit to penetration of laser irradiation is 
laser absorption by the material. If a tissue absorbs a particu- 
lar wavelength well and has a low scatter, the spatial confine- 
ment will be high (high fluence). In other words, the depth of 
penetration is small. Conversely, a poorly absorbing material 
with high scatter will lead to a deep depth of penetration or 
low fluence.'' The width of the laser beam also affects the 
confinement of laser energy. A wide beam deposits energy 
over a large surface area, producing a lower fluence at the 
same depth within the tissue than that of a narrow laser beam 
of the same power level.'*!’ Finally, tissue pigmentation can 
affect laser distribution in tissues. Pigments preferentially 
absorb some wavelengths and can confine laser energy to 
their locations." (Fig. 26.2). 


26.3 Physics of Laser Lithotripsy 


The ideal laser lithotrite produces predictable lithotripsy of 
all stone compositions, is simple to operate, efficient, and 
has a wide safety margin for surrounding tissues so there is 
maximal stone fragmentation with minimal collateral dam- 
age. As a general rule, photomechanical lasers have high 
safety margins for lithotripsy with efficient fragmentation; 
photothermal lasers have acceptable (but lower) safety margins 
with less efficient fragmentation.'* However, photothermal 
lasers produce smaller fragments and fragment all stone 
compositions compared to photomechanical lasers."* 

Pulsed dye lasers were among the first lasers to be used 
clinically in lithotripsy.*’'’ As mentioned previously, pulsed 
dye lasers (coumarin green) operate at 504 nm, a wavelength 
highly absorbed by hemoglobin (Fig. 26.2). They fragment 
stones by a photomechanical mechanism.!!!*!5 A key compo- 
nent to the effective photomechanical lithotripsy of pulsed dye 
lasers is the short (<1 us) pulse duration. Cavitation bubble 
collapse is important in dye laser lithotripsy. One advantage of 
this mechanism is that it obviates the need to have the laser in 
direct contact with the stone since the laser-induced shock 
wave from cavitation bubble collapse propagates in all direc- 
tions from the fiber tip and can thus be placed anywhere close 
to the stone to cause fragmentation. In fact, placing the fiber 
directly on the stone limits cavitation bubble expansion, 
thereby limiting the amplitude of the resultant shock wave and 
inhibits lithotripsy. Another advantage of this system is the 
inherent safety of these lasers. Dye laser light at 504 nm is 
well absorbed by hemoglobin, which acts as a laser and heat 
sink and protects local tissues from thermal injury (Fig. 26.2). 
However, these lasers are limited by several factors. They tend 
to produce large, heterogeneous fragments.'* Also, fragment 


ejection and transient pressure waves can cause significant 
retropulsion of the stone, making lithotripsy more time- 
consuming and potentially more difficult.'° Finally, fragmen- 
tation results with hard stones such as brushite, calcium oxalate 
monohydrate, and cystine are disappointing.” 

With ultrashort laser pulse duration (<500 ns), high peak 
pressures are produced by the temporal confinement of laser 
energy. This temporal confinement is especially important in 
the production of plasma as a lithotripsy mechanism, which 
requires large amounts of energy.”°*' Q-switched alexandrite 
and Nd:YAG lasers have been attempted for lithotripsy but a 
practical limitation is that the high peak power causes fiber 
tip destruction and shards of optical fiber can be created 
within the ureter.” 

The FREDDY laser fragments stones by a similar photome- 
chanical mechanism. By incorporating a KTP crystal in the 
resonator of a Nd:YAG laser, the FREDDY laser produces laser 
wavelengths of 532 and 1,064 nm, with pulse durations of 0.3— 
1.5 us. At these pulse durations, the light at 532 nm wavelength 
induces plasma formation, which is further enhanced by the 
light at 1,064 nm, leading to high-energy pressure transients.’ 
This laser design is cost effective, and has a high safety mar- 
gin.” Although also effective for lithotripsy, the FREDDY 
laser is less effective in fragmenting hard calculi.*°*! 

The Ho:YAG laser fragments stones using a photother- 
mal mechanism.” Most Ho:YAG lasers generate light of a 
wavelength of 2.12 um, and operate at a pulse duration of 
250-350 us, significantly longer than pulse dye lasers. This 
long pulse duration precludes any significant stress confine- 
ment, so vapor bubble expansion and collapse are irregular 
in shape (i.e., not spherical) so that bubble collapse occurs 
at multiple loci at different times with no significant pres- 
sure transients created.” Time-resolved imaging studies and 
transient pressure wave studies of Ho:YAG lasers failed to 
show a significant photomechanical effect." The pres- 
sure transients from Ho:YAG are typically between 8 and 20 
bars, significantly lower than the pressure transients pro- 
duced by photomechanical lasers (>300 bars). "5>? 

In a series of experiments, Vassar et al. demonstrated the 
photothermal mechanism of the Ho:YAG laser.” Each of the 
experiments showed evidence either of direct energy absorp- 
tion by the stone, or paucity of pressure transients. When 
hydrated and dehydrated stones were irradiated in air or water, 
the dehydrated stones in air showed the more fragmentation. 
This finding indicates lack of photomechanical effect due to 
the lack of aqueous medium for plasma and cavitation bubble— 
induced pressure transients. It also shows that water literally 
impedes lithotripsy as it absorbs (and dissipates) energy from 
direct absorption by the stone. High-speed imaging also 
shows the dynamics of Ho:YAG laser lithotripsy: An initial 
period of up to 60 us is required to vaporize the water between 
the fiber tip and the stone surface, after which the energy is 
more efficiently coupled through vapor to the stone—called 
the “Moses effect” (as if Moses parted the water on flight 


26 Laser Lithotripsy Physics 


305 


from Egypt).'*:'>°? Again, this phenomenon shows how water 
absorbs and dissipates long pulse Ho:YAG energy compared 
to photomechanical lithotripsy where water is required to 
produce a cavitation bubble. During Ho:YAG lithotripsy, 
fragment ejection begins 60 us into a 250 us pulse, while the 
laser continues to emit. This time course whereby lithotripsy 
occurs during the pulse (rather than after the pulse) is consis- 
tent with direct energy absorption as opposed to cavitation 
bubble collapse dynamics. Another finding is that the Ho: YAG 
laser produces more lithotripsy when oriented at 90° to the 
stone surface (normal incidence), indicating that direct irra- 
diation is relevant, and energy density is critical to reach cri- 
terion threshold for ablation; when the laser fiber tip is placed 
in contact with the stone surface but oriented parallel to the 
stone surface (90° laser incidence) a large vapor bubble forms, 
but no ablation occurs.** In contrast to photomechanical 
lasers, the angle of orientation between the fiber tip and stone 
makes little difference in fragmentation. Indeed, other studies 
show that incident angle is correlated to Ho: YAG lithotripsy 
efficiency.**** Further evidence of photothermal mechanism 
included the production of thermal breakdown products 
during lithotripsy with the Ho:YAG laser and enhanced 


lithotripsy when stones were irradiated at room temperature 
versus cold.” 

The impact of pulse duration is integral to mechanism. In 
an important experiment, Jansen et al. fired a holmium: YAG 
laser through an optical fiber in still water (no stone) varying 
the pulse duration and used high-speed images to document 
the vapor bubble dynamics for each pulse duration.*? At 500 
ns pulse duration (using a Q-switch), large spherical cavita- 
tion bubbles were created, which collapsed to a single locus, 
releasing significant ripples (pressure transients) in the water. 
As the laser pulse duration was expanded, the vapor bubble 
became less spherical, and the collapse events occurred at 
multiple loci, producing less ripples in water. As the pulse 
duration was lengthened to 260 us, the bubble became pear 
shaped and collapsed asymmetrically with no ripples seen. 
Thus, the long pulse Ho:YAG laser used currently does not 
create any significant photomechanical effect (Fig. 26.3).!°* 

Ho:YAG lasers do exhibit some limitations. The generation 
of small, powderized fragments means less efficient litho- 
tripsy and longer procedure times.” This inefficiency can be 
overcome by simply increasing the energy or frequency set- 
tings, but the higher efficiency comes at the cost of more 


a 
10 us 30 ï 100 us 150 us 
1 | mm 
200 us 250 us 300 us 350 us 400 us 
l kd » 
ee. 
b 
y 80 us ii 150 us 200 us 
Fig. 26.3 Compilation of bubble 1mm 
expansion and collapse at room = 
temperature for two pulse 
durations: (a) short pulse, (b) long 250 us 300 us 350 us 400 us 500 us 


pulse. Fiber diameter 365 um, 
energy 800 mJ. Elapsed time after 
initiation of pulse shown above 
each image (Reprinted with 
permission from Kang.'° 
Copyright 2006 Wiley-Liss, Inc., 
a subsidiary of Wiley) 
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retropulsion, higher risk of collateral tissue damage, and tip 
degradation with energy settings >1.0 J.® Retropulsion is an 
occasional issue with Ho:YAG lithotripsy at normal energy 
settings, but is less compared to other intracorporeal 
lithotripsy devices such as electrohydraulic lithotripsy, 
pulsed dye lasers, or pneumatic devices. With holmium: YAG, 
stone retropulsion occurs from vapor bubble expansion and 
the momentum imparted by debris ejection.'° 

Lee et al. showed that fragments always eject at a right angle 
from the stone surface, regardless of the incident angle.'® A 
large diameter fiber creates a wide, shallow crater, allowing for 
greater x-axis vectors of plume ejection and increased retropul- 
sion. In contrast, a small fiber creates narrow, deep craters, with 
more y-axis vectors ejecting less x-axis vectors debris, so retro- 
pulsion is minimized (Fig. 26.4). Another strategy to minimize 
retropulsion is to prolong the pulse duration. Since the recoil 
pressure is proportional to the radiant power (energy per pulse 
duration), shorter pulse durations with high-energy density 
produce higher retropulsion. Experimentally, extended long 
pulse duration holmium:YAG lasers achieve less retropulsion 
per pulse, and less retropulsion per unit of stone ablation.'°” 
Some commercially available holmium:YAG lasers offer a 
“normal” pulse duration and an “extended” pulse duration. 

One way to overcome some of the limitations of current 
photothermal lithotripsy is to use lasers with wavelengths 
more efficiently absorbed by renal calculi. Experiments 
with free electron lasers showed that lithotripsy is more 
efficient at wavelengths between 2.9 and 3.1 um as com- 
pared to 2.1 um (Ho:YAG wavelength).'’ The Erbium: YAG 
laser has a wavelength of 2.9-2.94 um, making it a poten- 
tially more efficient lithotriptor than the Ho:YAG laser. 
Similar to the Ho:YAG laser, experiments have shown the 
Er: YAG laser operates with a paucity of photomechanical 
effects, has similar vapor bubble characteristics, and ablates 
multiple stone types with symmetric ablation craters.** 
Er: YAG and Ho:YAG lasers were compared experimentally 
at similar energy levels. Er: YAG lasers produced more lith- 
otripsy than Ho:YAG lasers, but with marginally larger 
fragments at 50 mJ. However, when Ho:YAG lasers were 
ramped up to 500 J, the amount of lithotripsy was similar to 


Fig. 26.4 Diagram of ejection of 
ablated stone particles from 

a wide versus narrow laser fiber. 
Note the total vector in the 

Y direction greater for the 

wider crater. (a) Wide and 
shallow crater. (b) Narrow and 
deep crater (Reprinted with 
permission from Lee et al.*! 
Copyright Elsevier 2003) 


the Er: YAG laser at 50 J. Although there was some difference 
at the same energy output, similar amounts of lithotripsy 
can be achieved by simply increasing the Ho:YAG power 
and frequency settings. But high-energy output may cause 
fiber tip damage and irregular beam output.“ Erbium and 
Holmium lasers were also compared in vitro.“ Both were 
controlled for focal length, energy density, and beam width 
and profile. Pulse energies varied between 0.2 and 1 J for 
each. For a single laser pulse, crater volumes were five 
times greater for all stone types with Er:YAG lasers than 
Ho:YAG lasers.“ Clinical use of erbium lasers is limited 
most importantly by the lack of clinically useful laser 
fibers.“ The relatively inexpensive and reusable low OH 
silica fibers used with holmium lasers do not transmit laser 
light from an erbium laser adequately. This is due to energy 
absorption at the input end of the laser, which can lead to 
thermal degradation and damage to the fiber and laser. 
Fluoride fibers are another option for laser fiber material, 
and do transmit Er: YAG irradiation successfully, but tend 
to be brittle, and have a hygroscopic structure. Single crys- 
tal sapphire fibers present another option, but their cost is 
prohibitive, they only transmit energy adequately up to 200 
mJ if a diameter of 425 um is chosen, and they risk damage 
at their output ends due to high peak power levels. Fibers 
still being considered include compound fibers of germa- 
nium oxide with silica tips and hollow wave guides. While 
compound fibers are still under investigation, hollow wave 
guide fibers have been tested experimentally. Some initial 
studies showed good flexibility and strength, with energy 
transmission sufficient to fragment calculi. However, prob- 
lems remain, including the generation of hot spots and 
irregular ablation craters.” 


26.4 Optical Fibers 


Basic fiber design consists of an inner circular core sur- 
rounded by two to three layers of cladding and a surround- 
ing jacket. Both glasses and polymers can be used as core 
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materials. Among the glasses, silica (amorphous silicon 
dioxide SiO2) is the dominant material. The first lasers 
used clinically in urology used silica fibers. These are ideal 
laser fibers as they transmit laser energy well with minimal 
attenuation, are relatively inexpensive, and are small and 
flexible enough to be used in endoscopic instruments. 
Ho:YAG lasers use low OH silica fibers since the hydroxyl 
groups absorb light readily at 2,100 nm, thus reducing trans- 
mission of light and potentially causing fiber damage.'° 
A high OH concentration is better for UV transmission. 
Cladding types can also differ. Cladding constructed of 
fluorine-doped silica has better laser light confinement and a 
smaller bending radius than fluoroacrylate cladding, which 
can generate light leakage and damage with lasers of 2 um 
wavelength.*° Most fibers also have a third layer of cladding, 
called a buffer layer. The buffer often consists of ethylene 
tetrafluoroethylene (ETFE, Tefzel), which protects the fiber 
from external mechanical damage. 

The laser—fiber interface is usually composed of a protec- 
tive connector that holds the proximal end of the laser fiber in 
the proper orientation to receive energy from the laser itself. 
The subminiature version A connector (SMA) is the industry 
standard connector, allowing different lasers to accept multi- 
ple laser fiber sizes and brands. It consists of a central rein- 
forced housing surrounded by a connector shell. The housing 
is often a polymer material and the shell is usually composed 
of steel. The end of the laser fiber exiting the shell is shrink- 
wrapped in a plastic coating to guard against mechanical dam- 
age. With regular use, there will be some misalignment of the 
laser and the proximal fiber end, which can result in higher 
order rays, attenuation, or fiber breakdown. At the input end, 
stray laser light can be absorbed by the steel shell, which can 
then vaporize. The condensation of the vapor coats the outer 
surface of the laser, disrupting its optics and leading to failure 
(Fig. 26.5). Manufacturers use various mechanisms and engi- 
neering to couple the laser to the proximal fiber connector. 
There are advantages and disadvantages to each design, and a 
more detailed explanation may be found in Nazif et al. 


Fig. 26.5 Typical SMA 
connector. Connector interfaces 
between laser and laser fiber. 
Heat-shrink wrap overlaps laser 
fiber as it enters connector, 
providing stiffness and decreased 
mechanical stress at junction. 
Polymer adhesive envelops laser 
fiber inside connector. (Reprinted 
with permission from Nazif.’ 
Review Copyright Mary Ann 
Liebert 2004) 


Laser beam 
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Connects to laser 


Urologists may confuse the collimated laser emission 
generated from ideal lasers as the output from laser fibers. 
The fiber designs used currently lead to noncollimated out- 
put. The collimated laser beam is focused through a lens so 
that a convergent beam is delivered from the lens to the prox- 
imal fiber tip, and the beam launches as a divergent beam 
down the fiber.*° If the energy is not launched with a “bull’s- 
eye,” strike down the center of the fiber, off-axis rays are 
increased and proximal fiber failure risk is increased." In 
order to conduct laser light without having excessive losses 
or thermal damage, most of the light must be reflected within 
the fiber to the very distal tip, where it is discharged. This 
principle, referred to as total internal reflection, is utilized in 
laser fiber technology. Photons bounce off the cladding and 
reflect back down the core fiber, where they bounce off the 
opposite wall cladding, like billiard balls bouncing off the 
side of a pool table. When light strikes a surface, a portion of 
it is reflected and a portion may be refracted, depending on 
the refractive index of both the environment and the material. 
The refractive index of a material describes how quickly it 
allows light to pass through it. When light coming from a 
denser environment strikes a less dense substance, the angle 
to the normal at which it refracts, or bends, is larger than the 
incident angle of incoming light. As the incident angle to 
normal becomes wider, the refracted light in the less dense 
substance will eventually travel at a 90° angle to the normal, 
or parallel to the surface of the substance. In other words, 
light will not penetrate into the less dense substance. At this 
angle of incident light, there is total internal reflection, and 
laser light is not absorbed by the cladding at all and reflects 
entirely inside the core fiber. In contrast, if laser approaches 
the cladding at a more normal incidence, the light refracts 
and may not reflect. As an example, a pebble can be skipped 
along the surface of water with a wide incident angle, whereas 
dropping the pebble at the water surface (narrow incident 
angle) causes the pebble to fall into the water. The implica- 
tions for fiber transmission are significant: A laser that 
launches light with too divergent a beam risks refraction into 


SMA connector body stainless steel 


Laser fiber cladding and core 

Buffer ETFE coating over laser fiber cladding and core 
Polymer adhesive 

Heat shrink coating over fiber 


Distal tip 
of laser fiber 


SMA connector diagram 
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the cladding, whereas a laser that launches light with a 
narrowly divergent beam has less risk of refraction into the 
cladding. The limit of beam divergence a fiber can safely 
transmit is characterized by the numerical aperture (NA). NA 
provides a description of what maximum acceptance angle of 
laser light will provide total internal reflection for a certain 
fiber. The NA of Ho:YAG lasers ranges from 0.2 to 0.22. 
An NA of 0.21 corresponds to a maximum acceptance angle 
of 12°. Despite total internal reflection, some light will par- 
tially penetrate the cladding. These penetrating light waves, 
known as evanescent waves, can damage cladding if they are 
strong enough. They are accentuated by bending of the fiber. 

Bending of the laser fiber can also affect the reflection of 
light. The high number of bends, or amount of bending, pro- 
duces a greater number of internal reflections. If the reflected 
angles produced are smaller than the critical angle, some 
energy will transmit through the cladding. This is especially 
damaging in the case of near infrared lasers such as Ho: YAG 
as their wavelengths are well absorbed by plastics. This 
problem is occasionally encountered during retrograde ure- 
teronephroscopy for lower pole renal calculi, where the flex- 
ible ureteroscope is maximally deflected to orient the fiber to 
the lower pole stone. Laser energy refracts into the cladding 
at the site of maximal deflection and causes fiber and uret- 
eroscope destruction, and possible patient injury.” 

The positioning of the fiber during laser lithotripsy is also 
an important factor to consider. Since an important differ- 
ence between short pulse and long pulse lasers for lithotripsy 
is that with short pulse duration lasers (<1 us) where photo- 
mechanical lithotripsy occurs, a separation distance of 1 mm 
between the fiber tip and the stone surface yields maximal 
fragmentation due to the importance of maximal bubble 
expansion and collapse-induced pressure transients.'*!° In 
contrast, long pulse Ho: YAG and Er: YAG laser (250-350 us) 
achieve maximal lithotripsy efficiency in contact mode as 
the energy is absorbed efficiently by water.'*'7°?** To mini- 
mize the amount of Ho:YAG or Er:YAG lost to vaporize a 
water channel (“Moses effect”), the laser fiber should be 
placed in contact with the stone surface. 


26.5 Conclusions 


An understanding of the physics of laser design and function 
will allow the urologist to make informed decisions regarding 
the clinical application of laser technology in their practice. 
Central to the clinical application of lasers in urology is basic 
knowledge of the interaction of lasers with biological tissues 
and their environments. The physics of laser lithotripsy is one 
of the most studied applications of lasers in urology and its 
understanding is important clinically, and also relevant in the 
advent of new and better laser technology. Lastly, the optical 


delivery of laser energy is an important component of laser 
technology with implications for the types of lasers that can be 
used, how they can be used, and for urological instruments and 
equipment. In this chapter, we have summarized key points 
regarding laser physics, which should prove useful to the urolo- 
gist as it applies to stone disease. As investigators gain further 
insight into the physics of lasers in urology, further advance- 
ments will make lasers in urology safer and more efficient. 
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Alternative Laser Energy Sources: 
Clinical Implications 
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Abstract The ongoing technical development over the last years made the laser one of the 
most important tools in endourology and daily urological practice. Today several laser types 
have been introduced for soft tissue surgery and stone treatment. To understand the differences 
between these lasers available for clinical use, one has to be aware of the possible variables 
the urologist has to deal with. In this chapter, we will review the differences of the introduced 
laser systems. These laser systems, in combination with modern fiber technology, shifted ure- 
terorenoscopy from a diagnostic tool to a real therapeutic option in the treatment of patients 
with urolithiasis. However, one has to be aware of the differences to choose the right laser for 


the desired treatment. 


27.1 Introduction 


The ongoing technical development over the last years has 
made the laser one of the most important tools in endourol- 
ogy and daily urological practice. 

To date, several laser types have been introduced for 
soft tissue surgery and stone treatment. To understand the 
differences between the lasers available for clinical use, 
one has to be aware of the possible variables with which 
the urologist has to deal. First of all the optical properties 
of the targeted tissue/stone are of major importance. 
Depending on the type of treatment one likes to perform, 
the parameters of the laser in use are critical for the surgi- 
cal outcome: The laser wavelength defines absorption of 
the laser energy at the target tissue and may also cause 
possible side effects (light-tissue interaction). The other 
parameters to consider are the mode of operation (continu- 
ous wave versus pulsed), and last, but not least, the power 
output of the laser device. 

In this chapter, we will review the differences of the intro- 
duced laser systems and their clinical impact. 
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27.2 Technical Requirements for Laser 
Use in Endourology 


Endourology has to deal with calculi fragmentation within 
the bladder, the ureter, or the renal pelvis. The ongoing tech- 
nical development in endourology in terms of semirigid and 
flexible endoscopy opened a demand for surgical tools to be 
compatible with these instruments. In stone fragmentation, 
two main tasks have to be fulfilled. First of all, the energy 
(laser) source should have the potential to fragment the cal- 
culi efficiently, but keep the risk for collateral damage as 
low as possible. Further, the delivery system (laser fiber) 
should carry the energy to the desired point within the col- 
lecting system without compromising the function of the 
instrument. Mechanical strain to fibers and to the instrument 
should be as low as possible. The fiber diameter should be 
small to maintain the cross section of the working channel 
for irrigation. By fulfilling these criteria, in most cases, 
modern endourological treatment has made open stone 
surgery redundant. 


27.3 Light-Tissue Interaction 


The most fundamental differentiation between lasers for sur- 
gical application is in their laser wavelength, which deter- 
mines the absorption process of light in tissue. With regard to 
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this process, laser radiation simply is directed light of a nar- 
row bandwidth, which is synonymous with a single color. 

Absorption is the most important but not the only process 
of light—-tissue interaction. When the laser beam encounters 
an object, a percentage of the laser beam is reflected at the 
boundary layer. The reflected radiation not only is lost for the 
surgical purpose but also may constitute a risk to surround- 
ing tissue as it may cause heat where an increase in tempera- 
ture is not desired. The process of reflection is not very 
dependent on wavelength and therefore is very similar 
between different lasers. 

From an optical point of view, endourological targets are 
not homogenous and they will scatter an intruding laser beam. 
Scattering takes some of the beam out of its intended direc- 
tion, and in most surgical applications, this portion is lost for 
the intended purpose. The degree of scattering depends on the 
size of the particles that the laser beam encounters and on the 
wavelength of the laser. Shorter wavelengths are scattered to 
a much higher degree than longer wavelengths. 

Absorption is the most important light-tissue interaction 
process. On entering into an absorbing medium, the intensity 
of the laser beam decreases exponentially (Lambert-Beer’s 
law). Absorbed laser radiation is converted into heat and causes 
an increase in temperature. Depending on the amount of heat 
involved, this will result in coagulation or even vaporization of 
tissue. The exponential behavior and the immediate onset of 
the absorption process on entering of the laser beam into the 
absorbing medium implies more generated heat next to the sur- 
face than further below. Hemoglobin and the water molecule 
are widely used as chromophores (absorber) for surgical lasers. 
The absorption length at familiar laser wavelengths in these 
body chromophores are shown in Fig. 27.1 and may help to 
understand the tissue effect of these laser systems. 


KTP (Nd: YAG SHG) 
Nd: YAG 


Fig. 27.1 Absorption 
spectrum of melanin, 
hemoglobin, and water in 
comparison to selected laser 
wavelengths. Hb hemoglobin, 0.1 
ox oxiginated 


27.4 Laser Emission Mode 


The interaction between laser energy and the addressed target 
is not only determined by the laser wavelength, but also by the 
laser emission mode. Two ways of energy discharge are pos- 
sible: The laser energy can be emitted either in a pulsed mode 
or in a continuous wave mode. Comparing two lasers of the 
same average power, the pulsed laser presents the higher peak 
(or maximum) power than the continuous wave laser. The 
pulse duration among pulsed lasers may differ. The shorter the 
pulses are, the higher the pulse peak power will be. 

The criterion whether the duration of a laser emission on 
a target has a pulsed or continuous wave character is deter- 
mined by the rate by which the laser energy is absorbed by 
the target compared to the heat flow out of the target area. In 
a continuous wave process, absorption of laser energy and 
dissipation of heat reach equilibrium. 

A pulsed process is characterized by a buildup of heat in the 
target before dissipation takes it away. Depending on the amount 
of accumulated heat in the target during the pulse, a localized 
steam pressure may be generated or plasma formation takes 
place. An example is the absorption of a holmium laser pulse by 
a stone. The generated heat creates a localized steam pressure 
inside the stone that breaks the stone apart. Overall, the stone 
does not experience a significant increase of temperature. 

Continuous wave lasers — for example, the GreenLight 
laser or the continuous wave Thulium: YAG laser (RevoLix) — 
are predominantly used in soft tissue surgery. It is important 
to keep in mind that the GreenLight laser technically is a 
QCW laser. This means quasicontinuous wave. With fre- 
quencies of around 1,000 Hz, the difference between quasi- 
continuous wave and real continuous wave within the target 
tissue seems negligible. 
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Continuous wave emission of the laser energy leads to 
cleaner cuts and therefore to more precise cutting perfor- 
mance! than laser systems with pulsed energy emission. 
However, in stone fragmentation, the continuous energy 
emission has some pitfalls. 

The irradiation of calculi by a continuous wave laser 
results in an increase of temperature of the bulk until any 
water is driven out of the stone. The surface may start to 
melt, and the stone may disintegrate. 

Although this way of stone destruction is possible in mul- 
tiple stone compositions, the surrounding of the stone is 
heated excessively, which leads to an increased risk of col- 
lateral damage.’ 

Contrary pulsed energy emission generates only a small 
increase in temperature of the stone although localized high- 
energy density can be achieved. 

In a stable power setting, the amount of released energy 
increases with decreasing pulse time. 

Stone defragmentation is achieved by two different physi- 
cal mechanisms. Either photothermal (Ho:YAG laser) or 
photomechanical (both discussed later in this chapter). By 
pulsed energy emission, efficient stone fragmentation may 
be achieved in all stone compositions. On the other hand, in 
soft tissue surgery, the pulsed mode leads to an uneven rup- 
tured surface with a cotton-wool appearance. 

In conclusion, one has to keep in mind that the physical 
laser parameters (wavelength, emission mode, power) deter- 
mine the treatment outcome. Knowledge and understanding 
of these factors is essential to achieve the best result for the 
patient. 

While pulsed mode laser systems have significant advan- 
tages in stone defragmentation, continuous wave laser sys- 
tems seem to be superior for soft tissue surgery. Combined 
systems may be a way out of this dilemma.’ 


27.5 Fibers 


To obtain an optimal combination of a laser energy device 
and an endoscopic instrument, be it flexible or semirigid, the 
laser fiber is of tremendous importance. 

Usually laser fibers do have an inner circular optical core 
and up to three outer concentric layers. In general, the core of 
a laser fiber transmits the laser radiation. The next layer con- 
fines the radiation inside the core by total reflection. The 
outer layers provide mechanical stability and ruggedness.’ 
Laser fibers made from low OH (low water content) silica 
with an optical cladding of fluorine-doped silica are the best 
choice in most endourological applications. These fibers 
allow a smaller bend radius. Alternative fibers with fluoro- 
acrylate cladding are more rigid and laser radiation may leak 
through these fibers, which may cause serious damage to the 
working channel and the integrity of the scope.** 


27.6 Individual Lasers for Stone Treatment 


Several laser types for stone treatment are available. Laser 
systems differ in terms of wavelength, compatible fiber 
diameter, and pulse duration, which leads to different 
mechanisms of stone fragmentation.”* Introduced laser sys- 
tems may be divided into photoacoustic lasers and photo- 
thermal lasers. The different systems are reviewed in the 
following: 


27.6.1 Photoacoustic Lasers 


In photoacoustic lasers, the energy is delivered in water or 
stone and creates a vapor bubble.’ With the collapse of the 
vapor bubble, a pressure effect occurs at the calculus and 
leads to fragmentation. To achieve maximum fragmenta- 
tion efficacy, the fiber should be positioned with a little dis- 
tance to the stone surface to allow best bubble expansion. 
Due to the circumferential spread of the photoacoustic 
effect, the fiber can be used sideways of the stone to achieve 
similar fragmentation effects. Lasers in the blue-green por- 
tion of the spectrum like the “FREDDY” laser (frequency- 
doubled double Nd:YAG laser, 532 nm) or the pulsed dye 
laser (504 nm) belong to this group. These laser devices 
emit laser energy at a wavelength where the energy is 
absorbed by stones of the right color and by hemoglobin. 
Due to the absorption in hemoglobin these lasers have a 
high safety margin,'®'! since energy that accidentally hits 
the mucosa is absorbed and carried away by the blood flow. 
Hemoglobin acts as a “heat sink” for the laser energy." 
Another laser in the category is the alexandrite laser (755 
nm). However, photoacoustic lasers have deficiencies in the 
fragmentation of cystine as well as calcium oxalate mono- 
hydrate calculi. !>!* 


27.6.1.1 Pulsed Dye Laser 


The pulsed dye was one of the first laser systems used in the 
treatment of urinary calculi. It has an emission wavelength 
of 504 nm. The short pulse duration of approximately 1 us 
allows effective stone fragmentation. Since the energy is 
not absorbed in water, the risk of thermal damage to the 
urothelium during stone workup is diminished and thereby 
reduces the need for optimal visualization. Calcium 
oxalate monohydrate and cystine as well as brushite stones 
cannot be treated efficiently with this laser since the optical 
absorption of the laser energy is reduced in these types of 
stones,'° which pushed this laser out of the endourological 
routine.” 


314 


A.J. Gross and T. Bach 


27.6.1.2 FREDDY Laser (Frequency-Doubled 
Double Pulse Nd:YAG) 


The FREDDY laser has been designed for the fragmentation 
of urinary calculi. It was created by placing a potassium tita- 
nyl phosphate (KTP) crystal into the resonator of a Nd:YAG 
laser. Therefore, it creates pulses with two wavelengths of 
1,064 and 532 nm. Other than the pulsed dye laser, this laser 
does not generate a steam but a plasma bubble on the stone 
due to absorption of the 532 nm laser pulse. The plasma on 
the surface of the stone absorbs the 1,064-nm laser radiation 
and heats up the plasma bubble further. This leads to its 
rapid expansion subsequently and then induces the collapse. 
From that point, the mechanism of action is comparable to 
that of the pulsed dye laser. The collapse of the plasma bub- 
ble generates a mechanical shock wave, which causes frag- 
mentation. Regular pulse durations are within 0.3 and 1.5 ps." 
Compared to the Ho:YAG laser, the risk of collateral dam- 
age during laser lithotripsy is lower with the use of the 
FREDDY laser. Santa-Cruz et al. showed that it would take 
about two pulses with a Ho:YAG laser to perforate an ureter, 
while 2,000 pulses of the FREDDY laser failed to do so.’ 
Clinical results are good with the FREDDY laser. In ureteral 
stone treatment, stone-free rates of up to 95% are reported, 
whereas one study reports a combined stone-free rate of 
87% for the whole collecting system.” However, compara- 
ble to the pulsed dye laser, the FREDDY laser cannot break 
up cystine stones, since its wavelengths are not absorbed by 
cystine.*! 


27.6.2 Photothermal Lasers 


Photothermal lasers, like the Ho:YAG or the Erbium: YAG 
lasers, work in the mid-infrared range of the electromag- 
netic spectrum. At this wavelength, the laser energy is 
absorbed by water. Laser types causing photothermal effects 
do have relatively long pulse duration of approximately 300 
us. Therefore, energy deposit in water is slow”? and the 
vapor bubble is pear shaped in the Ho:YAG laser and tor- 
pedo shaped in the Erbium: YAG laser. This leads to reduced 
cavitations and insignificant acoustic pressure waves.” 
Other than in photoacoustic lasers, the fiber in these types of 
lasers should be positioned with contact to the stone sur- 
face. Compared to photoacoustic lasers, the generated 
fragments are smaller in photothermal stone fragmenta- 
tion.” In contrast to photoacoustic lasers, photothermal 
lasers have a lower safety margin and can perforate the ure- 
ter or coagulate the ureter." All types of calculi can be frag- 
mented with these laser types.” 


27.6.2.1 Holmium:Yttrium:Aluminum:Garnet 
(Ho:YAG) Laser 


The Ho:YAG laser generates laser energy at a wavelength 
of 2.1 um and at a pulse duration of 150—1,000 us. Due to 
the wavelength, holmium laser energy is efficiently 
absorbed by water, leading to a high safety profile in an 
aqueous surrounding like the urinary tract.” It is currently 
the most widespread intracorporeal laser lithotripter. With 
the energy release, the irrigant surrounding the fiber tip is 
vaporized and a steam bubble is created.” The energy of 
the Ho:YAG laser is then transmitted through this “vapor- 
window” to the stone” (Moses effect). If this laser radia- 
tion is delivered to urinary calculi, some of the energy 
penetrates the stone and is absorbed by water inside the 
stone. This causes fragmentation by building up of pres- 
sure inside the stone.* Furthermore, the implosion of the 
vapor bubble causes a shock wave, which is transmitted to 
the stone and causes additional fragmentation. Decreasing 
the laser pulse duration at a given energy will lead to more 
effective stone fragmentation since the peak pulse power 
will increase. This characteristic is used in calculi frag- 
mentation in combination with flexible silica fibers.*' The 
Holmium: YAG laser is capable of fragmenting all types of 
stone composition. Other than photoacoustic lasers, the 
Ho:YAG laser can also cause fragmentation of cystine 
stones efficiently. Hereby, the percentage of stones treated 
by ureterorenoscopy have inclined and the need for 
percutaneous procedures in this group of patients has 
declined.» 

Fragmentation efficacy is largely influenced by laser set- 
tings like the applied energy, pulse duration and frequency, as 
well as the fiber diameter. According to Kuo et al., optimal 
laser setting for small caliber fibers should be below 1.0 J and 
at 5-10 Hz.” These findings are supported by other 
workgroups.***> 

Another important point concerning Ho:YAG lithotripsy is 
the possibility to use small caliber fibers, with an optical core 
as small as 200 um. This allows performing laser lithotripsy 
also in combination with flexible ureterorenoscopes. So 
access to virtually every point within the collecting system 
can be achieved. However, the stiffness of the laser fiber 
still leads to diminished deflection capacity of the flexible 
ureterorenoscope.**** 

Efficacy of stone treatment using the Holmium: YAG laser 
has been shown in a wide variety of clinical studies. In the 
treatment of urinary calculi, stone-free rates around 95% are 
published.***” 

Potential limitations are the risk of collateral soft tissue 
damage, which makes excellent visualization mandatory, and 
long-lasting surgery, especially in larger renal stones.*!” 
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27.6.2.2 Erbium:YAG laser 


The Erbium: YAG laser has the potential to become a valuable 
substitute to the Ho:YAG laser. While already in use in den- 
tistry and ophthalmology, the employment in urology is still 
experimental.” The potential of the Erbium: YAG laser to be 
valuable for stone treatment is based on the physics of energy 
absorption in urinary calculi. Maximum energy absorption 
seems to be at a wavelength of 2.9 um. Theoretically, this makes 
the Erbium: YAG laser, with its wavelength of 2.9-2.94 um, 
the optimal laser energy source for stone fragmentation. The 
pulse duration is 275 us short.“ 

As described previously, the mechanism of stone fragmen- 
tation is photothermal and thereby comparable to that of the 
Holmium: YAG laser. However, as shown in vitro by Teichman 
et al., stone fragmentation with the Erbium: YAG seems to be 
up to five times more efficient than stone fragmentation with 
the Ho:YAG laser.“ The problem with the Erbium: YAG laser 
to date is the lack of fibers that allow using this promising 
laser device in endourology. Therefore, the Erbium: YAG 
today is still excluded from clinical use in urology. 


27.7 Conclusions 


In summary, various laser systems are introduced on the 
market. Today, the Ho:YAG laser represents the widest 
spread and most efficacious laser lithotripter in endourology. 
In combination with small caliber ureterorenoscopes, of 
semirigid as well as flexible nature, virtually every point 
within the collecting system can be reached and treated 
endoscopically. Modern laser and fiber technology shifted 
ureterorenoscopy from a diagnostic tool to a real therapeutic 
option in the treatment of patients with urolithiasis.“°*” 
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Part IV 


Diagnostic and Laboratory Methods 


Imaging for Stones 


Alison J. Bradley and P. Nagaraja Rao 


Abstract Imaging for stones covers the techniques available and evaluates the optimal 
techniques for the diagnosis of stone disease. This is mainly by multidetector computed tomo- 
graphy (MDCT), but the roles of intravenous urography (IVU), ultrasound (US), magnetic 
resonance imaging (MRI), fluoroscopic studies, and isotope renography are also discussed. 
Thin-section MDCT allows three-dimensional (3D) postprocessing with multiplanar reconstruc- 
tion, thus providing an accurate assessment of stone burden and distribution. CT urography is 
explained, and its role in determining pelvicalyceal anatomy and for planning therapy is discussed. 
The section on evaluation of the results of therapy is divided into imaging for postoperative 
complications, and assessment for residual stones. The final section covers evaluation of func- 
tion by isotope renography. An extensive review of the literature has been undertaken to bring 
an up-to-date and evidence-based slant to imaging, which is pivotal to stone management. 


28.1 Introduction 28.2 Techniques 


Accurate confirmation of the presence of stone disease, and 28.2.1 Abdominal Radiograph 
evaluation of the total stone burden, is crucial to optimal 
stone management, and is achieved by good quality imaging. 
Urinary tract stones can be visualized by many imaging 
modalities, from plain films to magnetic resonance scans. 
Plain abdominal radiographs still have an important role in 
the assessment and follow-up of stone disease. Ultrasound 
offers a quick and easy option with the advantage of avoiding 
radiation, albeit at the expense of diagnostic accuracy. 
Computed tomography (CT) has increasingly become the 
mainstay of evaluation of stone disease in both acute and 
elective situations. Function can be assessed crudely by post- 
contrast imaging techniques, and accurately by nuclear med- 
icine techniques. An understanding of the physics of the 
various imaging techniques, together with their applications, 
is a useful tool for all involved in stone management. 


This is a plain film exposure of the abdomen and pelvis, per- 
formed to look for opaque urinary tract stones. It should 
include both kidneys, ureters, and the bladder area, and is 
commonly requested as a “KUB” for this reason. The lower 
margin of the symphysis pubis should be visible on a good 
quality radiograph, as should be vertical collimation lines 
from a lead diaphragm, which reduces radiation scatter. Low 
kilovoltage techniques (60-70 kVp) optimize the contrast 
between stones and soft tissues; larger patients often require 
higher doses (70-80 kVp) to avoid under-exposure. 
Conventional radiographs are produced by direct exposure 
onto a silver-containing screen film, resulting in a hard copy. 
Computed radiographic (CR) technology was developed in 
the 1980s, and its use is now widespread.' The CR plate is a 
reusable imaging medium that can be used many thousands of 
times; it is read and fed into a picture archiving and communi- 
cation system (PACS). Digital radiography (DR) is a newer 
development whereby exposure is made directly onto the digital 
plate, which links directly into PACS. Although more costly, 
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Unlike conventional radiography, both CR and DR offer a 
wide dynamic range (the range of exposure over which a 
diagnostic quality image will be produced) leading to a lower 
repeat rate. The radiation dose to the patient is usually less 
on CR and DR than on conventional radiography.” Studies 
have demonstrated that soft copy reporting is at least as accu- 
rate for stone detection as is conventional hard copy.*" 

Linear tomography allows selection of a 1 cm thick slice 
at a predetermined level within the patient. The level of the 
kidneys from the tabletop is usually 8-11 cm depending 
upon patient thickness. Structures above and below this level 
are blurred out, thus increasing detail within this slice.*° 


Intravenous injection of iodinated contrast medium is 
excreted by the kidneys, and a series of films taken over the 
following 30 min constitutes the intravenous urography 
(IVU). Documented severe allergy to iodinated contrast 
medium is an absolute contraindication; pregnancy and renal 
impairment are relative contraindications. Patients with renal 
impairment are at an increased risk of developing contrast 
medium-induced nephrotoxicity, and the risk is greater with 
concomitant diabetes. Good hydration is the only factor that 
has been demonstrated to help prevent nephrotoxicity.” 
Bowel preparation does not improve the quality of the study, 
and is unpleasant for the patient.’ 

A control or preliminary view must be obtained to evaluate 
for the presence of stones. Following contrast medium 
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injection, a series of radiographs is taken and abdominal 
compression applied if there is no obstruction or abdominal 
mass such as an aortic aneurysm. Compression of the ureters 
at the pelvic brim results in improved distension of the col- 
lecting systems. Protocols vary widely in their recommended 
film sequence”; the four film IVU is often adequate in our 
experience.'' Linear tomography with a 20° arc is helpful 
when contrast opacification is poor, or there is considerable 
bowel gas overlying the kidney.'* Supplementary views, such 
as oblique views of the renal areas, or a prone abdominal view 
(to improve ureteric distension) can be used as required. 


Ultrasound (US) waves in the 2-6 MHz range are employed 
in abdominal ultrasound, using a sector or curvilinear probe. 
The probe acts as both a transmitter and receiver of US 
waves, and calculation of the time interval between the two 
is used to calculate depth and build up an image. The kidney 
has good intrinsic contrast, with the parenchyma of low 
echogenicity compared with the echogenic renal sinus or 
“central echo complex” (due to the renal sinus fat) (Fig. 28.1). 
Unlike other imaging modalities, US is very operator depen- 
dant. Large patients are not ultrasound friendly due to the 
increased sound penetration required, and the increased scat- 
ter (noise) produced. Harmonic imaging has been developed 
to circumvent this problem. The second harmonic is an echo 
seen at twice the transmitted frequency, and has the effect 
of greatly reducing image noise. US has the advantage of 
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Normal ultrasound 
of the right kidney. Note the 
echogenic renal sinus fat (white 
arrow). The collecting system is 
just seen in the center of the 
renal sinus 
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assessing the urinary tract in real time. Fluid ingestion prior 
to the study to fill the urinary bladder is routinely employed, 
although it probably is not required in the assessment of 
renal colic." 

The Doppler effect is a frequency change from the trans- 
mitted wave when it hits a moving target. The magnitude of 
the frequency shift can be used to calculate the velocity of the 
moving object, in this case blood. Color Doppler US can be 
useful in distinguishing between collecting system and blood 
vessel; it is particularly useful in the pelvis where the distal 
ureter crosses the iliac vessels. Arterial waveform within the 
kidney can be used to measure the resistive index (RI), which 
is a ratio of the diastolic to systolic flow within the kidney. 
Resistive indices of <0.7 are normal, and >0.7 are abnormal 
(obstruction reduces diastolic flow, hence increasing resistive 
index).'* 


Non-enhanced CT taken in the prone position. There is a 
small stone at the left VUJ (white arrow) 


Coronal reconstructions 
of a CT Urogram. (a) Maximum 
intensity projection (MIP), 

(b) volume rendered (VR). 

A small parenchymal calcification 
in the left upper pole is only 
appreciated on the VR images 
(red arrows) 
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In recent years, computed tomography (CT) has evolved 
from single-detector row scanners into multidetector row 
scanners (MDCT), which are capable of covering large vol- 
umes of the body during a single breath-hold. Nonenhanced 
MDCT is performed to assess calculous disease; this is a 
quick and easy technique that requires no preparation for 
the patient." In patients with acute flank pain, this can be 
performed in the prone position to distinguish between 
vesico-urethral junction (VUJ) calculi and bladder calculi, 
because free bladder calculi will fall anteriorly (being heavier 
than urine), and VUJ calculi will remain posteriorly at the 
VUJ" (Fig. 28.2). 

When acquired in a helical scanner, the CT data set can be 
post processed to obtain different section thicknesses, 
depending upon the acquisition parameters. A full discussion 
of these is beyond the scope of this text, but it is sufficient to 
say that thinner sections require more radiation dose, with 
concomitant increased risks of cancer induction. =”! 

The two-dimensional (2D) resolution will depend upon 
the number of picture elements (pixels) in the matrix; when 
reconstructed in 3D, these acquire volume and are thus 
termed voxels. When images are reconstructed at section 
thicknesses of 1 mm or less, the voxels have isotropic prop- 
erties, in that they can be equally well resolved in any plane. 
The axial reconstruction data can be used to create non- 
axial two-dimensional images by means of multiplanar ref- 
ormation (MPR). Multiplanar images can be thickened into 
slabs with projectional techniques such as maximum inten- 
sity projection (MIP) and volume rendering (VR).** MIP 
images are particularly useful in displaying the collecting 
system in CT urography.** These techniques are illustrated 
in Fig. 28.3a, b. 
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Table 28.1 CT urography technique using a split contrast bolus 
e Scanner: Siemans Somatom 16 detector CT scanner 
e Non-contrast acquisition 


— Settings: 100 effective mAs, 120 KVp, pitch 0.75, rotation time 
0.5 s, beam width 24 mm (16 x 1.5 mm) 


—75 mL of intravenous contrast agent 

— Administered by hand immediately after the initial acquisition 
 Post-contrast acquisition 

— Performed 13 min following initial acquisition 


— Further 75 mL of contrast administered by an automated pump 
(3 mL/s) 


— Second acquisition performed 110 s following initiation of pump 
injection 

— Settings: 200 reference effective mAs, 120 KVp, pitch 0.75, 
rotation time 0.5 s, beam width (16 x 0.75 mm) 12 mm 


e Siemens CARE Dose 4D automatic exposure control utilized 


Different phases of contrast enhancement of the urinary 
tract can be obtained depending upon the timing of the bolus 
of contrast administration. A 30-s delay from the start of a 
dynamic injection will produce a cortico-medullary phase, 
where the cortex but not the medulla is enhanced. Imaging at 
120 s produces a nephrographic phase, when there is uni- 
form enhancement of normal renal parenchyma; and imag- 
ing after 10 min produces excretory phase images. 

CT urography (CTU) is a term that causes some confu- 
sion, because it has been applied to various phases of imag- 
ing, including nonenhanced. However, CT urography should 
be reserved for post-contrast imaging that includes the excre- 
tory phase. The full technique includes pre-contrast, nephro- 
graphic, and excretory phase imaging.” The nephrographic 
and excretory acquisitions can be combined by employing a 
split contrast bolus technique as is suggested in 
Table 28.1.'°**?’ The acquisition time for excretory phase 
imaging can be shortened by the addition of a small dose of 
furosemide (typically 10 mg). This can be given 3-5 min 
before the first contrast injection, allowing the delayed acqui- 
sition to be obtained at 5—10 min, instead of 13-15 min.***° 
Furosemide has been shown to be more effective in improv- 
ing distension (of the distal ureters in particular) than other 
methods such as compression and saline infusion.””~” 


28.2.5 Magnetic Resonance Imaging 


The urinary tract can be imaged either by static or dynamic 
techniques. The static technique uses heavily T2-weighted 
(T2W) spin echo sequences that will show urine as high sig- 
nal intensity. Breath-hold T2W magnetic resonance uro- 
grams (MRUs) can be obtained as either thick (@ 8 cm) or 


Fig. 28.4 T2W thick slab MR urogram, in a patient with a solitary left 
kidney. There is a small simple cyst within the left kidney (white arrow). 
Note that all fluid within the acquired volume is displayed; CSF, small 
intestine, and bile within the biliary tree 


thin (@ 3 mm) sections, using half Fourier techniques.” The 
thick slabs are usually displayed as MIP (maximum intensity 
projections) in a similar fashion to CT urograms. All fluid 
within the slice will be seen as bright in T2W MRU 
(Fig. 28.4). T2W techniques are excellent for evaluation of 
the dilated collecting system and bladder, but give no func- 
tional information.** 

Dynamic or excretory MRU is the technique that is analo- 
gous to CTU and IVU; gadolinium-based contrast medium is 
injected intravenously in low doses in the region of 0.05 mmol/ 
kg together with 5 mg of furosemide.** Gadolinium shortens 
the T1 relaxation time of urine, allowing it to appear bright on 
T1W sequences (Fig. 28.5). The diuretic improves flow and 
results in dilution and uniform distribution of contrast agent 
throughout the urine. Three-dimensional fat-suppressed gradi- 
ent echo techniques are used to cover the urinary tract during 
a single breath hold. Dynamic MRU requires normal or near- 
normal renal function; the use of gadolinium in patients with 
significant renal impairment is now not advisable due to the 
association with Nephrogenic Systemic Sclerosis, a progres- 
sive and fatal condition that is without effective treatment.” 


28 Imaging for Stones 


323 


Fig. 28.5 Normal dynamic MR urogram, following injection of intra- 
venous gadolinium chelate 


28.2.6 Fluoroscopic Studies 


Antegrade and retrograde studies during low-dose pulsed 
fluoroscopy with intra-luminal injection of iodinated contrast 
medium produce real time images of the urinary tract. Such 
studies are antegrade if injected via a nephrostomy tube, and 
retrograde if performed via a ureteric catheter. 


28.2.7 Isotope Renography 


Technetium-99 m mercaptoacetyltriglycine (MAG,) is the iso- 
tope of choice for dynamic renography; it has twice the renal 
clearance rate of diethylene triamine penta-acetic acid (DTPA) 
and is an easier isotope to use than iodine-131. Furthermore, 
MAG, can be used to assess glomerular filtration rate based 
upon clearance from plasma samples.” Following injection, a 
time-activity curve is generated from regions of interest placed 


around both kidneys and the bladder, over 15-30 min. The 
relative uptake of isotope by each kidney is calculated between 
the 2nd and 3rd min post injection.” Time to peak activity 
should normally occur by 5 min, and most isotope will have 
been excreted by 20 min in undilated collecting systems. 
Drainage from dilated collecting systems is more difficult to 
assess, so diuresis with IV furosemide may help. When furo- 
semide is given 15 min before the start of the study, the kid- 
neys are maximally stressed by a high flow rate of urine (F-15 
MAG, renography) (Fig. 28.6). The rate of washout can be 
determined by calculating the T1/2, which is the time taken for 
the renal activity to decrease to half of the peak value.” 


28.3 Establish Diagnosis of Stone Disease 


28.3.1 Abdominal Film 


The KUB remains the first radiological investigation that 
patients suspected of having stone disease will have. 
Approximately 90% of calculi are radio-opaque, although 
their visibility will also depend upon other factors, such as 
bowel gas overlying the urinary tract. The reviewer needs to 
be aware of different patterns of abdominal calcification (for 
example, gall stones or calcified mesenteric nodes) that may 
mimic a renal calculus.** A posterior oblique view of the 
affected side may help to distinguish between renal and other 
causes of calcification (Fig. 28.7a, b). 

Roughly 90% of urinary calculi are radio-opaque due to 
the calcium content. Cysteine stones are poorly opaque, and 
uric acid stones are lucent. The incidence and radio-opacity 
of different types of stone are given in Table 28.2.” Plain 
radiographs are 60-70% sensitive and 70-80% specific in 
the detection of stone disease in renal colic when compared 
to CT or stone retrieval**"'; without colic, accuracy is less, 
but still better than the scout view on a CT scan.” 

Different stone compositions may be recognized by the 
patterns of calcification they typically produce, for example 
calcium oxalate monohydrate tends to be smooth and densely 
opaque, whereas triple phosphate stones are commonly stag- 
horn calculi (Fig. 28.8, b) 


28.3.2 Intravenous Urogram 


Despite reports of its demise, due to the increasing role of 
multidetector CT (MDCT), the intravenous urogram (IVU) 
continues to be important in stone evaluation.“ The 
topography of the pelvicalyceal system is readily appreci- 
ated, and the low mean radiation dose of 2.4 mSv for a 
standard four film series is much less than the mean dose of 
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Fig. 28.6 Normal diuresis renogram. Furosemide has been administered 15 min before the study 


Fig. 28.7 (a) Antero-posterior, 

(b) left posterior oblique views 

of the left kidney. This confirms 
the calcification (arrows) to lie 

within the kidney 
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Table 28.2 Stone composition, frequency, and radio-opacity on plain 
films 


Composition 


Frequency (%) Density 


Calcium oxalate + phosphate 30—45 Opaque 
Calcium oxalate 20-30 Densely opaque 
Calcium phosphate 5-10 Opaque 

Triple phosphate (struvite) 15-20 Variably opaque 
Uric acid 5-10 Lucent 

Cysteine 1-2 Poorly opaque 


13 mSv for a CT urogram in our center.'* In younger 
patients, the increased risk of fatal cancer induction from a 
CTU continues to make an IVU an attractive option. 
Nonenhanced CT carries a lower radiation dose, and this is 
discussed later in Sect. 28.2.4. 

The diagnosis of obstruction by calculus is usually readily 
apparent on the initial film of the IVU series, when there is 
no contrast excretion or a dense nephrogram on the affected 
side (Fig. 28.9). It may take several hours to establish the site 
of obstruction, which is a disadvantage of the technique.*° 
Conversely, a non-obstructing ureteric calculus may be over- 
looked when there is no delay in contrast excretion 
(Fig. 28.10a, b). Careful evaluation of a possible standing 
column of contrast within the ureter, and any subtle changes 
in caliber should be sought in symptomatic patients.'* To this 
end, a post micturition view is often helpful (Fig. 28.11). 

Prior to 1995, the IVU was considered to be the gold stan- 
dard of imaging in renal colic patients,“ but things changed 
when Smith et al. published the results of a study evaluating the 
findings at non-enhanced CT and IVU in 20 patients with acute 
flank pain. Of the 12 patients found to have obstruction on both 
modalities, 5 had a ureteric stone that was demonstrated on 
both non-enhanced CT scans and IVU radiographs, 6 had a 
stone that was depicted on non-enhanced CT scans only, and 
in 1 patient, a stone could not be detected by either modality. 


Fig. 28.8 (a) Three densely 1 
opaque stones are seen within the i 


left kidney, (b) right staghorn 
stone 


They concluded that “non-enhanced CT was more effective 
than IVU in precisely identifying ureteric stones and is 
equally effective as IVU in the determination of the presence 
or absence of ureteric obstruction.” !* This paved the way for 
the gradual replacement of the IVU by non-enhanced CT in 
the evaluation of renal colic.“ The appearances of a partly 
obstructing stone on both IVU and CT are shown in 
Fig. 28.12a—c. 


28.3.3 Ultrasound 


Ultrasound (US) has the advantages of being quick to per- 
form, readily available, and avoids ionizing radiation. It is 
useful in the follow-up of stones that are nonopaque on 
KUB.® However, its accuracy is modest at best. Stones 
within the pelvicalyceal system can be reliably identified if 
they are greater than 5 mm in size, as smaller stones do not 
usually cast an acoustic shadow (Fig. 28.13a, b). Stones are 
more readily appreciated in the presence of hydronephrosis 
(Fig. 28.14). Fowler et al. compared US with nonenhanced 
CT, finding that 73% of undetected stones were 3 mm or less 
in size’; however, most stones of less than 3 mm are clini- 
cally insignificant. Sensitivity and specificity for stone detec- 
tion were 24% and 90%, respectively. Only 39% of patients 
with multiple calculi were identified as such.® Ulusan et al. 
had slightly better results with sensitivity of 55% for stone 
detection in the right kidney and 36 % in the left.*! 

The twinkling artifact on color or power Doppler (seen as 
a comet tail appearance of rapidly changing color behind the 
stone) is seen in relation to 83-96% of stones in vivo, and 
can help to characterize them as stones.*** This phenomenon 
has improved the accuracy of detection of intrarenal stones. 


326 


Fig. 28.9 IVU with delayed 
excretion on the left, producing a 
dense nephrogram 


Fig. 28.10 (a) Control view, 
(b) post-contrast view from an 
IVU series. There is a left-sided 
pelvic calcification that is 
subsequently seen to lie in the 
distal left ureter (white arrows) 


Fig. 28. Post micturition view from an IVU series. There is a small 
left VUJ stone with a standing column of contrast in the left ureter 
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In the setting of renal colic, ultrasound performs better. In 
a study by Sheafor et al., CT depicted 22 of 23 ureteric cal- 
culi (sensitivity, 96%), and US depicted 14 of 23 ureteric cal- 
culi (sensitivity, 61%). But when modalities were compared 
for the detection of any clinically relevant abnormality (e.g., 
unilateral hydronephrosis and/or other stones in patients with 
an obstructing stone), sensitivities of US and CT increased to 
92% and 100%, respectively. Rosen et al.” prospectively eval- 
uated the use of bedside US in renal colic patients, to detect 
hydronephrosis and predict the likelihood of urolithiasis, and 
found that the positive predictive value (PPV) and negative 
predictive value (NPV) were 86% and 75%, respectively. 

Patlas et al. evaluated 62 consecutive patients with flank 
pain who were examined with both CT and US.* Forty-three 
of the 62 patients were confirmed as having ureteric calculi 
based on stone recovery or urological interventions. US 
showed 93% sensitivity and 95% specificity in the diagnosis 
of ureteric stones; CT showed 91% and 95%, respectively. 
These results would be difficult to reproduce, but do endorse 
the use of ultrasound as a first-line test in renal colic patients. 
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F TVU series (a, b). (c) A coronal reconstruction of non-enhanced CT from the same patient. There is low-grade obstruction of the right 
ureter on the IVU. The stone (white arrows) is much less easily appreciated than on the corresponding CT image 


F (a) Ultrasound of the 
right kidney. An echogenic stone 
(white arrow) is casting a 
convincing acoustic shadow 
behind it. (b) Ultrasound of the 
bladder. There is a large stone 
seen between the two cursors. 
It measured 5 cm 


Fig. 28.14 Ultrasound of a moderately hydronephrotic left kidney. Fig. 28.15 Ultrasound of a non-obstructing right VUJ stone, seen 
Three calculi are present within the lower pole (white arrows) through the bladder (white arrow) 
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Stones in the mid ureter are very difficult to detect, but stones 
in the upper ureter may be seen. VUJ stones can be assessed 
if the full bladder is used as a window (Fig. 28.15). 


Since the initial paper by Smith et al. in 1995," there have 
been multiple studies confirming the value of nonenhanced 
CT in the setting of acute loin pain.**°’- Dalrymple et al.** 
studied 417 patients with acute flank pain who underwent 
nonenhanced helical CT, finding that helical CT diagnosed 
ureteric stone disease with 95% sensitivity, 98% specificity, 
and 97% accuracy, which is superior to any other imaging 
technique. Additionally, CT will diagnose other causes of 
flank pain, for example appendicitis, diverticulitis, or chole- 
cystitis as the commoner non-renal causes.°' This has led to 
widespread adoption of nonenhanced MDCT in patients 
with acute flank pain,” with the added advantage that virtu- 
ally all stones, including uric acid, are opaque on CT.” The 
exception to this is protease inhibitor crystals, which are 
lucent on CT as well as plain films. Indinavir sulfate is the 
most widely used protease inhibitor in human immunodefi- 
ciency virus (HIV) therapy, with crystallization and stone 
formation occurring in as many as 20% of patients taking 
the medication.“ 

Sometimes a ureteric stone is not seen, or a calcification 
is considered to be indeterminate but suspicious, in which 
case secondary signs of obstruction are important for diag- 
nosis. Ureteric dilatation has a sensitivity of 90% and a 
specificity of 93%, and perinephric stranding had a sensitiv- 
ity 82% and specificity of 93%, respectively® (Fig. 28.16a, 
b). Collecting system dilatation and renal enlargement are 
also useful secondary signs.“ Absence of the white pyramid 
and reduced attenuation of the renal parenchyma on the 
obstructed side (by approximately 5 Hounsfield units) 


16 Non-enhanced CT 
demonstrating the secondary 
signs of ureteric obstruction. 
(a) Note the mild hydronephrosis 
and perinephric stranding (white 
arrows). (b) A few sections more 
distally, a stone is seen in the 
upper left ureter (white arrow) 
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Coronal reconstruction of a non-enhanced CT scan. There 
are two stones in the mid ureter, with a change in caliber back to normal 
below them (white arrow) 


have subsequently been described as additional secondary 
signs.°°° 

Distinguishing between a ureteric stone and a phlebolith 
in a pelvic vein can be difficult. The soft tissue rim sign has 
been described as a circumferential rim due to edema of the 
obstructed ureteric wall at the site of stone impaction and 
found to have a sensitivity of 77% and a specificity of 92% 
for distinguishing a stone from a phlebolith® The presence 
or absence of a tissue rim sign does not correlate with the 
degree of urinary obstruction present.” Conversely, phlebo- 
liths can have a comet tail sign, which is an important indica- 
tor that a suspicious calcification represents a phlebolith. The 
tail sign has a sensitivity of 65% and a specificity of 100% in 
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Fig. 28.18 (a) Axial section, 
(b) coronal reconstruction from a 
parenchymal phase renal CT. 

The patient presented with severe 
left loin pain and had a negative 
non-enhanced CT. There is no 
enhancement of the left kidney, 
and thrombus within the left 
renal vein (red arrows) 


differentiating phleboliths from ureteric calculi.” Scrolling 
through a stack of images in cine mode allows the viewer to 
follow the course of the ureter, and coronal or curved 
multiplanar reconstruction (MPR) can demonstrate the rela- 
tionship of a calcification to the ipsilateral ureter (Fig. 28.17). 
In comparison with the IVU, which is easily interpreted by 
both radiologists and urologists, there is a small but real 
learning curve with the non-enhanced MDCT.” 

The disadvantage of the technique is that it provides no 
functional information about the degree of obstruction pres- 
ent. There have been some studies evaluating the usefulness 
of secondary signs in predicting the severity of obstruction,” 
but they correlate poorly with MAG 3 renography and thus 
do not permit evaluation of the functional status of obstructed 
kidneys.”** Another pitfall is the possibility of missing other 
serious causes of acute flank pain, which would be readily 
appreciated on post-contrast scans; for example, relatively 
rare conditions such as renal vein thrombosis (Fig. 28.18a, 
b). In a large study of 708 patients evaluating the utility of 
additional post-contrast imaging in patients with unexplained 
renal colic, 67 (9.4%) had abnormalities only seen on the 
post-contrast scans. The authors concluded that IV contrast 
is rarely helpful.” 

Initial reports of nonenhanced CT for renal colic docu- 
mented a radiation dose three times greater than that of an 
IVU,” but subsequent studies have evaluated low-dose tech- 
niques using 50-70 mAs. This has not resulted in a reduction 
in accuracy of stone detection with an effective radiation 
dose of 1.5 mSv.’°’’ Ultra-low-dose techniques producing 
effective doses of less than 1 mSv have been described but 
have yet to be fully evaluated.” 

CT urography is rarely required in establishing the diagno- 
sis of stone disease; occasionally, it is valuable in kidneys with 
abnormal anatomy due to previous surgery or parenchymal 


scarring, as it can distinguish between calcifications within 
the parenchyma and the collecting system. This is discussed 
further in Sects. 28.5 and 28.6. 


28.3.5 Magnetic Resonance Imaging 


Although magnetic resonance imaging (MRI) offers supe- 
rior contrast resolution to CT, spatial resolution is less. 
However, the main drawback of MRU in the assessment of 
urolithiasis is that stones show signal void, and thus appear 
black, making them much more difficult to resolve 
(Fig. 28.19). Additionally, not all low-signal-intensity fill- 
ing defects are due to calculi, because blood clots and tumors 
can have similar appearances, although neoplasms will show 
enhancement following gadolinium-based contrast agents.” 
The use of MRU is usually restricted to children and preg- 
nant women, where avoidance of radiation is desirable, or 
patients with documented allergy to iodinated contrast 
media.” Static MRU is particularly useful in the evaluation of 
loin pain in pregnant patients, where it can distinguish effec- 
tively between hydronephrosis of pregnancy (HOP) and other 
causes of obstruction. In HOP, smooth tapering of the ureter 
between the gravid uterus and iliac vessels is seen, usually on 
the right. In other causes, such as obstruction by stone, the 
site of caliber change will be elsewhere (Fig. 28.20a, b).*° 
Static MRU does have the advantages of demonstrating the 
anatomy of the urinary tract, and in a study by Jung et al.,*! it 
was superior to IVU in the detection of ureteric calculi in 
symptomatic patients. MRU detected 64 of 72 stones, com- 
pared with 49 of 72 stones at IVU. High-grade obstruction 
with non excretion of contrast was the major cause of IVU 
failure. Regan et al.** compared a combination of static MRU 
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Coronal thin-section T2W section from an MR urogram in 
a pregnant patient with right loin pain. There is a small stone (red arrow) 
in the distal right ureter 


and KUB with nonenhanced MDCT in patients with renal 
colic, finding that the MRU/KUB combination detected only 
72% of stones seen at CT. MRU was more sensitive in the 
detection of secondary findings of acute ureteric obstruction 
such as peri-renal fluid and ureteric dilatation. If dynamic 
MRU is used, then sensitivity and specificity of 96% and 
100%, respectively, are achievable.*? The same group (Sudah 
et al.) reported accuracy for stone detection by dynamic MRU 
that was similar to that of nonenhanced CT, but noted that 
patients would prefer to have a CT if a repeat test was required.** 
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With the increasing use of CT, antegrade and retrograde 
studies do not have a role in establishing the diagnosis of 
stone disease. They are useful in pre- and posttherapeutic 
assessment, and this is discussed in Sects. 28.7 and 28.8. 


The isotope renogram does not have a role in the diagnosis 
of stone disease as it does not resolve stones; its role in aid- 
ing management decisions is discussed in Sects. 28.6 and 


Densely opaque stones can be readily assessed on KUB or 
IVU, but these will give a two-dimensional view of a 
three-dimensional structure, which can lead to errors of 
overestimation or underestimation of stone 
size.* Additionally, there is a small but real magnification 
effect, causing some overestimation of stone size, when 
compared to retrieved stone size.** Ultrasound can evalu- 
ate in 3D, but smaller stones will be missed, and it is dif- 
ficult to reproduce planes of imaging in sequential 
examinations.°°*° Stones within the renal pelvis, particu- 
larly the extra-renal pelvis, can be very difficult to locate 
at US. MR has little role because stones appear black, and 
thus can be easily overlooked.** 

As discussed in Sects. 28.2 and 28.3, CT has the advan- 
tages of all stones (with the exception of protease inhibitor 
crystals and matrix stones) being opaque, and measurable in 
three dimensions.” A recent meta-analysis of the litera- 
ture revealed that CT has better diagnostic performance 
than IVU in the evaluation of urolithiasis.“ Different win- 
dow settings (for example bone windows) and the use of 
MIP images can improve the conspicuity of stones 
(Fig. 28.21a, b).*° Coronal reformations allow equally accu- 
rate and more rapid detection of urinary stones compared 
with axial images alone, but are best used in conjunction 
with axial data sets for the most accurate evaluation of stone 
burden.””*' The coronal reformations will give a longitudi- 
nal measurement of the stone size; depending upon the 
thickness of the reconstructed sections, there will be overes- 
timation of the stone size of the order of 1 mm on thin 
slices.” Another study by Dundee et al.” found that CT 
underestimated stone size (as measured in its greatest 
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Fig. 28.20 (a) Coronal, 

(b) sagittal reconstructions from 
a parenchymal phase renal CT 
demonstrating a partial staghorn 
stone in the left kidney (red 
arrows). The reconstructions 
were used to plan access via the 
upper pole collecting system 


Coronal reconstruc- 
tion of a non-enhanced CT scan, 
(a) viewed on bone window 
settings, (b) viewed on soft tissue 
window settings. The stone 
(white arrows) is more conspicu- 
ous on the bone windows. Note 
that it appears larger on the soft 
tissue settings 


dimension) by 12% in comparison to KUB, but this was a 
small study of 24 patients. Section widths of >3 mm will 
also lead to a reduction in the number of renal and ureteric 
calculi detected.** So, on thin-section MDCT of 3 mm or 
less, measurement of stones is reasonably accurate so long 
as measurements are made. Kampa et al.” evaluated 421 
responses from UK radiologists and urologists about how 
they evaluated stone size. Forty percent of radiologists and 
60% of urologists guesstimated size on IVU or KUB. On 
CT or US, where electronic measurement is possible, 
10-15% still guesstimated.”* It is thus important to state in 
the imaging report how the stone(s) have been measured, as 
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size can affect management particularly of lower pole 


nQ 


calculi, as discussed in Sect. 28.6."° 


The anatomy of the pelvicalyceal system can only be 
assessed on post-contrast studies; usually [VU or CT urog- 
raphy. If the patient has a nephrostomy tube in situ, then 


antegrade fluoroscopy can also be used (Fig. 28.22a, b). 
There has been some debate in the literature whether IVU 
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C 2 Same patient 

as Fig. 28.20. (a) Control, 

(b) post-contrast views from an 
antegrade study. A percutaneous 
nephrostomy tube was placed 
into the left upper pole. The 
stone (black arrows) is poorly 
opaque, and difficult to 
appreciate on the post-contrast 
view 


g. 28.23 (a) Control, (b) post- 
contrast view of the right kidney 
from an IVU series. On the initial 
view, the cluster of calcifications 
resembles gallstones, but are 
confirmed to lie within a large 
calyceal diverticulum in the right 
upper pole following contrast 


should be replaced by CT, or whether it still has a role in 
preoperative imaging.” As has been discussed in 
Sect. 28.2.4, CT urography has a much higher radiation dose 
than does IVU, but also the advantage of multiplanar recon- 
struction and 3D imaging, which gives superior anatomical 
resolution. Many stone formers will have to undergo 
repeated examinations and therapy over their lifetimes, so 
reduction of the radiation burden is desirable. The choice of 
imaging modality will be decided upon local resources, the 
level of anatomical detail required, and consideration of 
the risks of cancer induction. 

Post-contrast imaging is important to confirm the location 
of calculi within the collecting system, and at which site(s). 
An IVU will suffice in most cases of straightforward anatomy, 
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and will readily appreciate abnormalities such as calyceal 
diverticulae (Fig. 28.23a, b). CT is playing an increasing 
role,” especially in abnormal renal anatomy such as a horse- 
shoe or transplant kidney (Fig. 28.24a-c), or abnormal 
patient anatomy; for example, spina bifida.” 

CT is usually performed with the patient supine and 
PCNL with the patient prone. Is there any difference in pel- 
vicalyceal anatomy between the two positions? Sengupta 
et al.'!°° evaluated CT scans in 14 patients, performed both 
supine and prone, and found that the position of the patient 
had a small effect on the orientation of the kidneys, with the 
mean angle changing from 56.6°, when supine, to 61.6°, 
when prone. However, no significant change in calyceal ori- 
entation or the relative projection of the anterior and 
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Fig. 28.24 (a) Plain radiograph, (b) loopogram, and (c) CT scan from a young patient with a transplanted kidney draining into an ileal loop. 
There is a stone in the renal pelvis (arrows). The loopgram and CT scan were performed to plan access prior to PCNL 


posterior calices occurred as a result. There is thus no need 
to carry out preoperative imaging in the prone position. 

The lower pole collecting system morphology is consid- 
ered to be a factor in determining success of extracorporeal 
shock wave lithotripsy (ESWL); infundibulopelvic angles of 
less than 90°, infundibular width of less than 4 mm and 
infundibular length greater than 3 cm can be associated with 
poorer clearance rates. The lower pole ratio is calculated as a 
ratio of infundibular length: infundibular width as measured 
on preoperative intravenous urograms, with ratios less than 
3.5 associated with poorer clearance by ESWL. "0'9? 


28.6 Plan Therapy 


Stone size and number form the basis of management path- 
ways in patients with urolithiasis, so accurate evaluation of 
this is important. Knowledge of composition is also helpful. 


28.6.1 Acute Management 


The rate of spontaneous passage of ureteric stones does 
vary with stone size and location as determined by CT. Coll 
et al.!'® evaluated 172 cases of confirmed ureterolithiasis. 
For stones 2—4 mm, the rate was 76%; for stones 5-7 mm, 
60%; for stones 7-9 mm, 48%; and for stones larger than 
9 mm, 25%. The measurements were made in the axial 
plane. Spontaneous passage rate as a function of stone loca- 
tion was 48% for stones in the proximal ureter, 60% for 
mid ureteric stones, 75% for distal stones, and 79% for 


VUJ stones." This data correlates well with that previ- 
ously published by the American Association of 
Urologists.'“ Conservative management is usually 
employed for stones 5 mm or less in size, and for slightly 
larger stones in the distal ureter. Stones larger than 7 mm 
and causing obstruction usually require intervention, par- 
ticularly in the presence of sepsis, either by retrograde JJ 
stent or percutaneous nephrostomy insertion, depending 
upon local expertise." MAG3 renography is the most 
accurate imaging technique for establishing whether 
obstruction is present or not, and is often used following 
non-contrast CT scan to evaluate the need for intervention. 
High-grade obstruction (Fig. 28.25) will require urgent 
decompression by PCN, whereas management of low-grade 
obstruction can be planned electively. 

For stones that fail to pass spontaneously, the manage- 
ment options are ESWL or ureteroscopic retrieval.'° A 
recent study by Pearle et al.'°° compared ureteroscopy (32 
patients) and ESWL (32 patients) for distal ureteric stones, 
and found both were associated with high success and low 
complication rates. However, lithotripsy required signifi- 
cantly less operating time; was more often performed on 
an outpatient basis; and showed a trend toward less flank 
pain and dysuria, fewer complications, and quicker 
convalescence.'”° 


28.6.2 Elective Management 


Size, composition, and location of intrarenal stones will 
determine whether lithotripsy, percutaneous, or uretero- 
scopic extraction is more appropriate. 
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Fig. 28.25 MAG3 renogram in a patient with a known left upper ureteric stone. There is reasonable uptake on the left but no elimination, despite 


furosemide 


28.6.2.1 Stone Location 


Non-enhanced CT is usually adequate prior to ESWL or 
straightforward PCNL, especially when 3D post processing 
is used?*:!°"'°8 (Fig. 28.26). Three-dimensional reconstruc- 
tions are particularly useful for complex calculi such as stag- 
horns,** and simple trigonometric measurements can be 
performed to facilitate track planning for PCNL.'°* Although 
not routinely required, CT urography provides excellent 
understanding of collecting system anatomy, and confirms 


whether a stone is within the collecting system or the 
parenchyma/medullary pyramid (Fig. 28.27a, b).'” 

Anatomical location is important when considering 
ESWL therapy. Factors predicting a good response to ESWL 
include upper or mid pole calyceal stones, size less than 
2 cm, and normal urinary tract anatomy; these features can 
allow stone-free rates of up to 90%." Renal pelvic and PUJ 
stones clear better than do calyceal stones.'"! 

Clearance of lower pole stones by ESWL is poor, varying 
from 37% to59%.!0!!? 
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28.6.2.2 Stone Size/Burden 


Lower pole stones smaller than 1 cm in diameter can be man- 
aged with observation, shock wave lithotripsy, or ureteros- 
copy; those 1-2 cm in diameter are best managed with PCNL, 


Fig. 28.26 Antegrade nephrostogram. There is a lucent stone in the 
mid left ureter (black arrow). Note further partial staghorn stone in the 
left upper pole collecting system 


Fig. 28.27 CT urogram in a 
patient with known medullary 
sponge kidney. (a) Unenhanced 
CT shows multiple bilateral 
small calcifications. (b) 
Following contrast, some of 
these are seen to lie within 
dilated tubules within the 
medullary pyramids (white 
arrow) 


although ureteroscopy is an option in selected patients. 
Lower pole stones greater than 2 cm are best managed by 
PCNL. Upper or interpolar calyceal stones up to 2 cm can be 
treated with ESWL; stones larger than this will require per- 
cutaneous extraction. Wang et al. evaluated factors that 
were associated with a poor outcome from ESWL and dem- 
onstrated that a stone number >2, stone size >12 mm, stone 
burden of more than 700 mL, and a maximal stone density of 
more than 900 HU (P = 0.0430) were statistically significant 
predictors of failure.''* 


Stone Composition 


Most calcium-containing stones will fragment easily, but 
cystine and oxalate stones are relatively resistant to ESWL. 
Struvite staghorn—infected stones pose a real risk to the kid- 
ney, and need to be treated relatively urgently, usually by 
percutaneous extraction.''*'!> Determination of stone com- 
position by radiographic means would be a useful tool in aid- 
ing management decisions. Plain radiographs alone will 
correctly predict stone composition in less than 40% of 
cases.''® CT, however, can be used to predict composition for 
some types of stone. Matrix calculi are rare, but will be pre- 
dominantly of soft tissue attenuation,''’ as will protease 
inhibitor crystals. In a study by Nakada et al., 99 patients 
with predominantly (greater than 50%) calcium oxalate or 
uric acid composition had the attenuation value measured on 
nonenhanced CT scan. Values were compared with stone 
analysis; 82 calculi predominantly composed of calcium 
oxalate had a mean Hounsfield measurement of 652 (+490 
HU), and 17 calculi predominantly composed of uric acid 
had a mean of 344 (+152 HU), which was a significant dif- 
ference (P = 0.017, unpaired t test).''* More recently, dual 
energy CT has been used in an anthropomorphic phantom 
model to accurately discriminate uric acid stones from other 
stone types.'!? Identification of uric acid calculi can allow 
pharmacological rather than surgical treatment.'"° CT has 
also been used to successfully characterize in vitro cystine 
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Fig. 28.28 Same patient as Figs. 28.20 and 28.22. Following PCNL 
via the upper pole, the patient developed a left pleural effusion due to 
accumulation of saline in the pleural space 


9 Following ESWL, this patient has developed steinstrasse in 
the distal right ureter (black arrow). Calcifications below this in the 
right hemi-pelvis represent phleboliths 


stones as rough or smooth, which is useful because rough 
cystine stones are more susceptible to ESWL."”! 


At PCNL, retained stone fragments can occasionally pass 
into the ureter, and if not recognized at the time of operation, 
can cause obstruction. This becomes apparent when the post 
procedural nephrostomy tube is clamped, causing pain, and is 
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an indication for an antegrade study or nephrostogram 
(Fig. 28.26). If appreciated at the time of surgery, a JJ stent 
can be placed antegradely. Poor nephrostomy drainage should 
also prompt an antegrade study, to confirm that the tube is still 
within the collecting system; if it is not, then an ultrasound 
is required to check for a urinoma or hydronephrosis.” 

A chest radiograph is mandatory for all supra-12 rib punc- 
tures, as there is a possibility of irrigant fluid/saline accumu- 
lating in the pleural space (Fig. 28.28). 

Postoperative bleeding is either early and venous, which 
usually responds to tamponade of the track, or delayed 
(>7 days) and arterial. This can be secondary to an arterio- 
venous fistula or pseudo aneurysm, and complicates less than 
1% of PCNL procedures. '” 

CT scan in the arterial phase may show the cause of bleed- 
ing, but early angiography is indicated with a view to embo- 
lization of an arterial abnormality. '”* 

Following ESWL, fragments may drop into the ureter and 
cause obstruction. This gives the characteristic appearance 
of steinstrasse on KUB (Fig. 28.29). 


The goal of therapy is to render the patient stone free, and the 
role of post therapeutic imaging is to detect residual stones as 
accurately as possible. Fluoroscopy at the time of surgery is 
not sufficiently reliable to detect these, and a KUB is required 
postoperatively. Ultrasound is not an effective method of 
assessment. "^! However, CT does assess for residual stones 
very effectively. Park et al.'*° prospectively compared the sen- 
sitivity of antegrade pyelography, plain film radiography, and 
non-enhanced CT for detecting residual stones after PCNL in 


0 Non-enhanced CT showing a small linear calcification within 
the left kidney, thought to represent a Randall’s plaque (white arrow) 
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53 patients. Stone-free rates were 73.6% for antegrade pyelog- 
raphy, 62.3% for KUB, and 20.8% for CT. Some of the frag- 
ments detected at CT were considered to be clinically 
insignificant; however, this illustrates the greater sensitivity of 
CT. Other studies have found similar results.!*°'7’ Pearle 
et al.” compared non-enhanced CT with “second look” flex- 
ible nephroscopy following PCNL, and found CT to have a 
sensitivity of 100% and specificity of 62% for detection of 
residual stones. The specificity is lower because CT cannot 
always distinguish between Randall’s plaques and stones 
within the collecting system (Fig. 28.30). It is not always prac- 
tical to perform CT after every procedure, but after difficult 
procedures, or when residual calculus is shown to be present 
on a KUB, then it is advisable to plan further potential therapy. 
Small residual fragments can be treated by ESWL.'” 


28.8 Evaluate Function 


The function of a kidney can be impaired by the effects of 
stone disease such as obstruction, which can be at calyceal, 
infundibular, pelvic, or ureteric level, and thus affect part or all 
of the kidney. Superimposed infection will hasten the loss of 
nephrons. Postoperative assessment of function is not routinely 
required in patients following ureteroscopic retrieval of 
stone(s),'”* but should be done after surgery for complex stones. 
Such patients will have had preoperative MAG3 renography to 
evaluate function and the presence of obstruction; postopera- 
tive renography will document improvement in drainage or 
function once obstruction has been relieved, and act as a base- 
line against further studies. Changes in function (either increase 
or decrease) can occur up to 6 months following surgery, a fac- 
tor that needs to be considered in the timing of the postopera- 
tive renogram.'” Recently, a study by Moskovitz et al. 
evaluating single-photon emission CT (SPECT) measurement 
of Tc-dimercaptosuccinic acid (DMSA) uptake by the kidneys 
in 88 patients has found that although the total functional vol- 
ume of the treated kidney was slightly decreased following 
PCNL, neither total percent uptake nor percent of injected dose 
was reduced significantly.'*° This suggests that the surgery 
itself is not damaging the kidney, and a marked reduction in 
function following surgery should prompt further imaging to 
look for possible obstruction. 

Various studies in the early 1990s evaluated the effect of 
ESWL upon kidney function.'*°'*? Elgazzar et al.'*! demon- 
strated transient changes in relative uptake function, glom- 
erular filtration rate, and time-activity curves, but these 
returned to baseline after a week. Gupta et al." found that a 
small number of patients (3/42) had a reduction in relative 
function of greater than 5% at 3 months post treatment, and 
concluded that “newer generation lithotriptors may limit 
renal damage while permitting satisfactory treatment of renal 


calculi.” Today, evaluation of function is not routinely neces- 
sary following ESWL unless the stone burden is large or the 
kidney is known to be scarred or functioning poorly. 


28.9 Conclusions 


Advances in imaging techniques, particularly in the develop- 
ment of multidetector CT protocols, have revolutionized 
imaging for stones in the last decade. The high contrast 
between stones and soft tissues allows for easy recognition. 
Sub-millimeter isotropic voxels provide excellent detail, 
with the capability of reconstruction in any plane. Post- 
contrast imaging, where required, evaluates the anatomy and 
function of the urinary tract. 
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Urinary Stone Analysis 


Gernot Schubert 


Abstract The main urinary stone components as well as drug-induced stones are presented. The 
morphology of stones is described. The frequency of stone components as main component, the 
frequencies of occurrence of stone components, and the frequency of different combinations of 
components (stone types) are given. The importance and the forms of texture types and the core- 
shell relations are represented. The purposes and problems of stone analysis are discussed. The 
methods of stone analysis polarization microscopy, X-ray diffraction, and infrared spectroscopy 
are described, while the benefits and disadvantages of these methods are evaluated. The results 
of ring trials show that the X-ray diffraction method is the best method with regard to correct- 
ness. A combination of two or three methods including X-ray diffraction is recommendable. 


29.1 Introduction e Organic noncrystalline substances: protein, matrix stones, 
blood coagulum 


‘ eae : ; e Artifacts, falsifications 
Urinary stones are solid biogenous formations of the urinary 


system. Mainly they have a crystalline structure; the size is 
more than | mm. About 95% of stones are crystalline com- 
ponents and 5% are organic components, as different kinds 
of proteins or the so-called matrix.’ 


29.2 Stone Components 


29.2.1 Urinary Stone Components 


There are different groups of urinary stone components 
(Table 29.1) with reference to mineralogical and chemical 
composition’: 


e Inorganic crystalline substances: calcium oxalates, cal- 
cium phosphates, and magnesium-ammonium phosphates 

e Organic crystalline substances: uric acid and several 
purine derivates and urates 

e L-cystine 

e Crystalline drug-induced stones 


G. Schubert 

Institute of Laboratory Diagnostics, Vivantes Klinikum im 
Friedrichshain, Berlin, Germany 
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P.N. Rao et al. (eds.), Urinary Tract Stone Disease, 


Some examples of crystalline drug-induced stones include: 
indinavir monohydrate, atanazavir sulfate, ceftriaxone (as 
calcium ceftriaxonate), N4-acetylsulfadiazine, N4-acetylsul- 
famethoxazole, amoxicillin trihydrate, and triamterene.** 

Quartz, calcite, gypsum, and seedcorns are found as arti- 
facts or falsifications among others. 


29.2.2 Frequency of Stone Components 


The abundance of the main groups of stone components is 
very different. Table 29.2 shows the frequencies of stone 
components as main component and the frequencies of 
occurrence of the different stone components.!? 

The most frequent components are the calcium oxalates 
whewellite and weddellite as calcium oxalate monohydrate 
and dihydrate. The occurrence frequency of whewellite is 
78%; that of weddellite is 43%. A calcium oxalate trihy- 
drate was described in the literature, but the occurrence 
was not confirmed by other authors. Also the occurrence of 
a second form of calcium oxalate monohydrate has been 
observed.‘ 


e Apatite (or carbonate apatite) is a very frequent stone 
component with a 33% occurrence rate. 
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Table 29.1 Urinary stone components 


Mineral name 
Calcium oxalates 
Whewellite 
Weddellite 

Calcium phosphates 
Apatite 

Brushite 
Whitlockite 


Magnesium-Ammonium-Phosphates 


Struvite 
Newberyite 
Purine derivates 


Uricite 


L-cystine 
Other substances 


Chemical name 


Chemical formula 


Calcium oxalate monohydrate CaC,O, x H,O 
Calcium oxalate dihydrate CaC,O, x 2 H,O 
Calcium phosphate Ca,,(PO,,CO,),(OH,CO,) 
Calcium hydrogen phosphate dihydrate CaHPO, x 2 H,O 
Tricalciumphosphate Ca,(PO), 

Octa calcium phosphate Ca,H,(PO,) x 5 H,O 
Magnesium-ammonium-phosphate hexahydrate MgNH,PO, x 6 H,O 
Magnesiumhydrogen-phosphate trihydrate MgHPO, x 3 H,O 
Uric acid CHNO 

Uric acid monohydrate C,H,N,O, x H,O 
Uric acid dihydrate C,H,N,O, x 2 H,O 
Ammonium hydrogen urate NH,C,H,N,O, 


Natriumhydrogenurate monohydrate 


Kaliumhydrogenurate 
Xanthine 
2,8-Dihydroxyadenine 


Organic substances 
Drug-induced stones 
Artifacts, falsifications 


NaC,H,N,O, x H,O 


CE a i 


KC.H,N,O, x H,O 
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CHNO 
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C.H,N.O 
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Stone 
component 


Whewellite 
Weddellite 

Apatite 

Uric acid 

Struvite 

Uric acid dihydrate 
Brushite 
Ammoniumurate 
Cystine 
Octacalciumphosphate 
Whitlockite 

Na-, K-urate 

Uric acid monohydrate 
Newberyite 

Calcite, aragonite 
Drug stones 

Organic stones 
Artifacts, falsifications 
Total 


Table 29.2 Frequency of urinary stone components (%) 


Main 
component 
(n = 72.383) 
5915 
13.5 
OF 
TS 
BS 
2.0 
0.6 
0.4 
0.3 
0.02 
0.03 
0.03 
<0.01 
<0.01 
<0.01 
<0.01 
0.7 
23) 
100.0 


Frequency of 
occurrence 
(n = 111,196) 
MA 
42.8 
325 
10.0 Š 
59 è 
55 
lil ü 
0.9 
0.3 
0.2 e 
0.1 
0.03 ° 
<0.01 
<0.01 ° 
<0.01 ° 
<0.01 
0.7 ° 
28 


Brushite does not appear frequently (1-2% occurrence 
rate), but the frequency of brushite has increased in the 
last years. 

The other calcium phosphates such as whitlockite and 
octacalcium phosphate are very rare. 

The most typical infection stone component is struvite 
with a frequency of 6%. 

Struvite often forms big staghorn stones with apatite. 
Newberyite is a very rare transformation product of 
struvite. 

Uric acid is a frequent stone constituent with a frequency 
of 10% as well as uric acid dihydrate at a 6% occurrence 
rate. 

Uric acid monohydrate is very rare, and recently described 
by the author for the first time.” 

The very rare occurrence of a second form of uric acid? 
could be confirmed by the author.’ 

Ammonium urate has a frequency of 1%. 

The other urates and purine derivates, such as xanthine 
and dihydroxyadenine, are absolutely rare. 

L-cystine is not that frequent with 0.3%, but it is impor- 
tant because of the high recurrence rate without 
metaphylaxis. 
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Fig. 29.1 Number of components in urinary stones (n = 70,131) 


Only seven urinary stone components have a frequency of 
occurrence of greater than 1%. The other stone minerals, 
about 15, range from rare up to very, very rare. Noteworthy 
is the percentage of artifacts with a 2.3% frequency rate. 

The majority of 44% of all stones (n = 70,131) consists 
of two minerals'; 34% are monominerals; 22% consist of 
three minerals; and only 0.7% consist of four, five, or six 
components. 

The fact that mixtures of stone components play such an 
enormous role is important for stone analysis and for the 
classification of the stone patient in a metaphylactic group 
(Fig. 29.1).'° 

The author examined the frequency of different combina- 
tions of listed components in a more detailed analysis,” finding 
aconsiderable diversity resulting in 145 different combinations 
of stone components (stone types). However, the vast majority 
of these combinations have to be considered as rare stone types. 
Only 25 stone types (Table 29.3) show a frequency over 0.1%; 
they represent 99% of all urinary stones. Out of these, 12 types 
have a frequency of 0.1-1%, whereas the remaining 13 stone 
types are found more frequently; that is, more than 1%. The 
three stone types, whewellite and whewellite-weddellite and 
whewellite-weddellite-apatite, account for 70% of all calculi 
already on their own. 


29.2.3 Morphology and Structure 
of Stone Components 


29.2.3.1 Morphology 


There is a very broad variety in appearance, color, and con- 
sistency of the different urinary stones. The composition and 
the localization of stone forming influence the appearance of 
urinary stones. 

Whewellite stones usually have a dark-brown or black 
color. The lighter the color, the higher the content of organic 
material. The surface is often mulberry-like or morningstar- 
like (Fig. 29.2a). The stones are very hard. 

Weddellite stones mostly have a loose structure and a gray- 
yellow color (Fig. 29.2b). Especially noteworthy are crystals 
of tetragonal-dipyramidal morphology. The crystals are sharp 
and in various orientations with the edges on the outer sur- 
face. The author mostly found the compact whewellite as the 
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Table 29.3 Frequency of stone types >0.1% (n = 72,383) 

Stone type % 

Whewellite 28 

Whewellite-weddellite 24.6 
Whewellite-weddellite-apatite 17.8 
Whewellite-apatite 4.8 
Struvite-apatite 4.6 
Uric acid-uric acid dihydrate 4.1 
Artifacts, falsifications 25 
Uric acid 2.1 
Whewellite-uric acid 9 
Weddellite-apatite 13 
Whewellite-uric acid-uric acid dihydrate 1S) 
Apatite ill 
Whewellite-struvite-apatite ill 
Weddellite 0.8 
Organic substances 0.7 
Struvite-apatite-ammoniumurate 0.4 
Brushite-apatite 0.3 
Whewellite-weddellite-uric acid 0.3 
Cystine 0.3 
Uric acid dihydrate 0.2 
Whewellite-weddellite-struvite-apatite 0.2 
Whewellite-weddellite-uric acid-uric acid dihydrate 0.2 
Uric acid-ammoniumurate 0.1 
Brushite 0.1 
Brushite-apatite-whewellite 0.1 
Total (frequency > 0.1%) 98.6 


core and the weddellite crystals on the surface of mixed stones 
of whewellite-weddellite (Fig. 29.2c). 

Apatite stones (Fig. 29.2d) have a white or gray color. The 
surface is mostly smooth, and the consistency ranges from 
solid to loose. Brushite stones (Fig. 29.2e) are usually very 
hard. The color differs between white and gray. They often 
have a cauliflower-like surface. 

Struvite often forms with apatite mixed stones in the form 
of big staghorn stones (Fig. 29.2f). The color is mostly white 
to light gray. In most cases, they have a loose consistency. 

The color of stones of uric acid and uric acid dihydrate 
(Fig. 29.2¢) varies from light yellow via red-yellow to red- 
brown. The higher the content of uric acid hydrate, the more 
intensive the color in mixed stones. Their surfaces are mostly 
very smooth. 

The rarely found uric acid monohydrate (Fig. 29.2h) and 
the urate stones mostly have a white to gray color and a loose 
consistency. 

Stones of cystine (Fig. 29.2i) have a typical yellow color 
and a wax-like surface. The consistency is very solid. 

The so-called matrix stones consist of pure protein or pro- 
tein with struvite-apatite. The matrix stones have a very soft 
consistency in their native state, but become solid after drying. 
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Fig. 29.2 Morphology of urinary stone. (a) Whewellite. (b) Weddellite. (c) Weddellite crystals on whewellite core. (d) Apatite. (e) Brushite. 
(£) Struvite-apatite. (g) Uric acid. (h) Uric acid monohydrate. (i) L-cystine 


29.2.3.2 Texture 


The term texture describes the shape and the morphological 
appearance of grains or crystals, and the relative arrange- 
ment of crystals to each other and relative to the geometry of 
stones. 

The calcium oxalate stones show a large variety of morpho- 
logical and structural forms of appearance due to the existence 


of the two hydrate levels (whewellite and weddellite) and the 

transformation phenomenon of weddellite into whewellite.''” 
The author has reduced the various forms of texture appear- 

ance of calcium oxalate calculi to four basic texture types: 


° Type 1: concentrically laminated whewellite texture with dif- 
fering degrees of fibrous-radial arrangement of whewellite 
crystals. This is the so-called annual ring texture (Fig. 29.3a). 
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Fig. 29.3 Polarization microphotographs of texture types (thin sec- 
tions). (a) Calcium oxalate type 1 — concentrically laminated texture 
with fibrous-radial arrangement of whewellite crystals. (b) Calcium 
oxalate type 4 — irregular texture of idiomorphic weddellite crystals. 


° Type 2: fine to very fine-grained irregular whewellite texture. 

e Type 3: mosaic texture of irregularly oriented whewellite 
single crystals, often containing morphological weddel- 
lite residues. 

e Type 4: irregular texture of idiomorphic weddellite crys- 
tals (Fig. 29.3b). 


The occurrence of these texture types is not random, but is 
determined by certain pathogenetic factors such as hyper- 
calciuria.'* Also, the other urinary stones show different 
texture types. The uric acid/uric acid dihydrate stones 
have: 


1. A fine-grained irregular texture 
2. A concentrically laminated texture, sometimes with a 
radial arrangement of uric acid crystals (Fig. 29.3c) 


The struvite-apatite stones show three texture types: 


1. Irregular mosaic texture of struvite crystals with apatite as 
basic matter 

2. Concentric laminated texture with a pearl necklace-like 
arrangement of struvite crystals in apatite basic matter 
(Fig. 29.3d) 

3. Fibrous-radial arrangement of mostly very big struvite 
crystals 


(c) Uric acid type 2 — concentrically laminated texture with radial 
arrangement of uric acid crystals. (d) Struvite-apatite texture type 2 
with concentrically laminated texture with a pearl necklace-like arrange- 
ment of struvite crystals 


29.2.3.3 Core-Shell Relations 


The different components in mixed stones can be homogenously 
distributed over the total stone or the different components are 
arranged separately in core and different shells (Fig. 29.4). 
Approximately 25% of all stones show qualitative differences 


A 
Ar 


Fig. 29.4 Urinary stone with core of uric acid and shell of whewellite 
(grind) 
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of the composition of central and peripheral stone parts. With 
respect to metapylaxis, the differences between core and shell 
appear to be most important for the following stone types: cal- 
cium oxalate-uric acid, calcium oxalate-struvite, and uric acid- 
struvite. These types represent up to 5% of all calculi.'°"* 


29.3 Purposes and Problems 
of Stone Analysis 


The purpose of stone analysis is the extensive qualitative dif- 
ferentiation of all stone components, especially of the different 
hydrate forms, the urates and purine derivates, and of the sev- 
eral calcium phosphates. Furthermore, another purpose is the 
semiquantitative determination of all components in mixtures. 

The analysis of demanding stone phases, such as rare 
purine derivates, drug-induced stones, and artifacts in some 
cases, presents a certain problem. The consideration of inho- 
mogeneities (core-shell, disintegrates in stones) and prob- 
lems of cost efficiency are important, too. 

The stone analysis is of importance to the therapy and 
metaphylaxis of residual and recurrent stones. 


e Composition and structure refer to the choice of therapy 
methods: 


— Litholysis in case of uric acid and struvite 

— The choice of ureteroscopy or percutaneous nephro- 
lithotomy as alternative methods for shockwave-resis- 
tant stones such as whewellite, brushite, and cystine’ 


e The exact stone analysis is the basic requirement for an 
effective metaphylaxis. 


The correct determination of the stone type is essential for 
the classification of the stone patient in the matching meta- 
phylactic group. The main component in mixed stones is not 
decisive for the classification of patients in the metaphylactic 
group in every case. A content of 30% struvite in a mixed 
stone with apatite would be a reason for the classification of 
a patient in the infection stone group and not in the calcium 
stone group, for example. 


29.4 Methods of Stone Analysis 


29.4.1 Overall View of Methods 
of Stone Analysis 


A large number of methods in the past were used for the 
determination of the composition of urinary stones. 
Table 29.4 shows an overall view of the several methods 


Table 29.4 Methods of urinary stone analysis and their evidence 


Methods of analysis Possible information on 


Chemical Texture 


composition 


Mineralogical 
composition 


Chemical analysis X (x) 

Thermal analysis (x) (x) 

Electron diffraction K 

Scanning electron (x) X 
microscopy 

Electron microprobe X (x) 

Laser microprobe x (x) 

X-ray microradiography (x) 

Polarization microscopy x x 


Infrared spectroscopy 


X-ray diffraction X 


x — full information (x) — limited information 


used for stone analysis and their validity. Only some meth- 
ods can give the exact stone composition as per the stone 
components in Table 29.1. Some methods can only give a 
content of atoms and molecules (chemical methods, for 
example). Only the methods like polarization microscopy 
and scanning electron microscopy deliver findings to the tex- 
ture of urinary stones. 

In the last years, three methods turned out to be the best 
methods of stone analysis: X-ray diffraction, infrared spec- 
troscopy, and polarization microscopy. These methods meet 
the demands for stone analysis (see previous section). 

The principles, benefits, and disadvantages of polariza- 
tion microscopy, X-ray diffraction, and infrared spectros- 
copy are described in the following sections. 


29.4.2 Polarization Microscopy 


Polarization microscopy is based on the interaction of 
polarized light with the crystals of stones. The internal 
morphology, color, the refraction of light, and birefrin- 
gence of crystals or crystal aggregates are parameters for 
the identification of stone minerals.'*'’ The principal pat- 
tern of the polarization investigation is shown in Fig. 29.5. 
Some micrographs of grain preparations are depicted in 
Fig. 29.6a-f. 
The benefits of polarization microscopy are: 


e Cost efficiency 
e Quick examinations and analyses of very small samples 
are possible 


— This method is really the final analysis for simple 
stones as whewellite or weddellite. 

— Very small contents of components in the stones are 
detectable. 


29 Urinary Stone Analysis 


347 


Polarization microscopy 


Analyzer 


Crystal 


Polarizer e 
Grain 
preparation 


Light 


Fig. 29.5 Principal pattern of polarization investigation 


The disadvantages are: 


e High subjective experience is necessary. 

e Differentiation of components is difficult in some cases in 
the groups of uric acid and purine derivates and calcium 
phosphates. 

e The quantitative analysis in mixtures is difficult in some 
cases. 


29.4.3 Infrared Spectroscopy 


The infrared spectroscopy is based on the interaction of 
infrared-light and the molecules in the stone compo- 
nents.*'*° The light stimulates atomic vibrations, and the 
consequence is energy absorption. The energy absorption 
results in absorption bands in the infrared spectrum 
(Fig. 29.7). 

A new technique in the infrared spectroscopy is the 
method of Attenuated Total Reflection — the diamond ATR 
method (Fig. 29.8). The advantages of this technique are the 
easy preparation and the application for soft samples. The 
infrared spectra of some stone components are shown in 
Fig. 29.9a, b, d-f. 

The benefits of the infrared spectroscopy are: 


e Moderate costs. 

e Quick examination using Fourier transformation infrared- 
technique. 

e Examinations of small samples are possible. 

e The preparation is easy using ATR-technique. 


e Semiautomatic evaluations are possible, applying search- 
match functions. 
e Noncrystalline substances (as proteins or fat) are detectable. 


The disadvantages are: 


e Time-consuming preparation applying the usual tablets 
technique with potassium bromide. 

e Differentiation and qualitative analyses are in some cases 
difficult; for example, in the case of uric acid, purines, 
and calcium phosphates. 

e The detection of small contents of components is in some 
cases difficult; for example, whewellite in weddellite or 
reverse, or urates and uric acid dihydrate in uric acid and 
others. 


29.4.4 X-ray Diffraction 


X-ray diffraction is based on the diffraction of X-rays on 
crystal lattice.*°*! Subject to certain conditions, there are dif- 
fraction maxima corresponding to the Bragg-equation 
(Fig. 29.10). 

Figure 29.11 shows X-ray equipment, used by our labora- 
tory, with the X-ray tube, the sample changer, and the detec- 
tor. The measurement of up to 12 samples is programmable. 
An autoquan program allows the exact and easy quantitative 
analysis of the stone components. 

Figure 29.12a—f show the X-ray diffractograms of some 
stone components. The benefits of this method are: 


e Easy preparation. 

e Automatic measurement (using a sample changer). 

e Semiautomatic evaluation of the X-ray diffractogram 
(search-match program). 

e Quantitative analyses (applying the autoquan system). 

e Exact differentiation of all crystalline components is 
possible. 


The disadvantages are: 


e High costs of X-ray equipment. 

e Noncrystalline substances are not detectable. 

e Time per measurement is up to 30 min (the time per mea- 
surement using X-ray diffraction can be reduced consid- 
erably by means of up-to-date equipment). 


29.5 Evaluation of Analysis Methods 


The previously described methods — X-ray diffraction, 
polarization microscopy, and infrared spectroscopy — all 
have their benefits and their disadvantages. All benefits of 
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Fig. 29.6 Polarization microphotographs of grain preparations. (a) Whewellite. (b) Weddellite. (c) Uric acid. (d) L-cystine. (e) Struvite. 
(£) Brushite 


the applied methods can be used to the best advantage 
with a combination of two or three of the mentioned 
methods. 

Very beneficial is the combination of all three methods. 
Figure 29.13 shows a flow chart of such a combined analysis. 
The analysis starts with the polarization microscopic 


investigation of a grain preparation of the stone. A final result 
can be expected for simple monomineralic stones (whewel- 
lite or weddellite for example). 

The following investigation by X-ray diffraction is neces- 
sary for the stone groups uric acid (and urates) and the phos- 
phates and for polymineralic stones. After that, we obtain a 


29 Urinary Stone Analysis 


349 


Fig. 29.7 Principal pattern of 
infrared spectroscopy 
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ZnSe crystal 


Fig. 29.8 The principle of ATR Technique 


qualitatively and quantitatively exact result of the stone 
composition. For organic stones (protein, fat, gallstones) and 
drug-induced stones, the use of the infrared spectroscopy 
using the ATR-technique is very helpful. 

The German Society of Clinical Chemistry and Labora- 
tory Medicine (DGKL) periodically organizes a survey for 
urinary calculi analyses for quality control in stone analy- 
sis. The result of the survey for urinary stone analysis in 
the year 2008 is helpful for the evaluation of the different 
methods. One sample consisted of 60% apatite, 20% 
whewellite, and 20% uric acid. This is a relatively rare 
mixture; however, the material came from a native urinary 
stone. The qualitative correctness for the participants using 
X-ray diffraction was 100% for apatite, whewellite, and 
uric acid. There were no false analyses. Referring to the 


Wellenzahl (cm~) 


infrared spectroscopy, 93% of the participants detected 
apatite correctly, but only 61% detected whewellite cor- 
rectly and 57% detected uric acid correctly. Thirty-eight 
percent of participants gave false analyses with struvite, 
weddellite, uric acid dihydrate, and protein. The partici- 
pants using chemical methods could only give simplified 
analyses results with 100% of all participants for calcium 
oxalate and calcium phosphate, but only 33% for uric 
acid. 


29.6 Conclusions 


Unfortunately, many urologists make no use of stone analy- 
sis due to cost reasons, ignorance, or convenience. The 
results of the ring trials reveal that the quality of stone analy- 
sis has room for improvement, despite the use of exact meth- 
ods such as infrared spectroscopy. A professional and 
accurate stone analysis in special stone analysis centers is 
absolutely necessary. 

The results of the evaluation of stone analyses for recur- 
rent stone formation show significant differences in the 
stone composition in 35% of all patients, and at stone for- 
mation in different sides of the urinary tract in 30% of all 
patients.” For that reason, one stone analysis for each stone 
episode per patient is required for an effective therapy and 
metaphylaxis. 
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Fig. 29.9 Infared spectra of some stone components. (a) Whewellite. (b) Weddellite. (c) Uric acid. (d) L-cystine. (e) Apatite. (f) Struvite 


Fig. 29.10 Diffraction of X-rays on the crystal lattice Fig. 29.11 X-ray diffraction equipment 
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Fig. 29.12 X-ray diffractograms of some stone components. (a) Whewellite. (b) Weddellite. (e) Uric acid. (d) L-cystine. (e) Struvite. (£) Brushite 


352 


G. Schubert 


Intensity/cps 


| 
Wry E E, F EREE, PEA i A EE Dk fe od 4 


10 20 


h 
EEA OET ae 


30 40 


2 Theta/(Scan axis: 2.1 sym.) 


=a 


Intensity/cps 


EA apn ppf Mt dy HN tn tina 


10 20 


WN ete Ato tes seat soe i \, j A. | i i 
ag annan, n 
z A tn eae al E PESE Aganda na MA mrad 


30 40 


2 Theta/(Scan axis: 2.1 sym.) 


Fig. 29.12 (continued) 
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Fig. 29.13 Flow pattern of urinary stone analysis 
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Risk Indices 


Norbert Laube and Lisa Kleinen 


Abstract Risk indices combine biological and physico-chemical knowledge with 
epidemiological data and calculate a single number from an array of measured or observed 
quantities. This single number can be used to classify the health status of the examined person 
with respect to the investigated disease on a standardized scale. 

This chapter discusses the issue of risk indices in urolithiasis research and treatment. On 
the example of the most frequent stone type, calcium oxalate, several approaches with differ- 
ent complexity are introduced. On the example of a set of urinalyses of stone formers and 
controls, discriminative power and predictive value of the presented risk indices are deter- 
mined using receiver operating characteristics for each index. The advantages and disadvan- 
tages of risk indices in urolithiasis treatment and clinical routine are discussed. 


Abbreviations 


AP(CaOx) 


Ion-activity product index for calcium 
oxalate 


AUC Area under curve 

BRI BONN-Risk-Index 

CA Citric acid 

CaOx Calcium oxalate 

ESWL Extracorporeal shock wave lithotripsy 
M Mean value 

MD Median value 

NH,Ox Ammonium oxalate 

NSF Non stone former (healthy subject) 
OA Oxalic acid 

PV+ Positive predictive value 

PV- Negative predictive value 

ROC Receiver operating characteristic 
RSS Relative supersaturation 

SD Standard deviation 

SE Sensitivity 

SF Calcium oxalate stone former 

SP Specificity 

UA Uric acid 
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(X) Titrated amount of substance X 
[X] Concentration of substance X 
{X} 24-h excretion of substance X 


30.1 Introduction 


Risk Indices are indicators that facilitate the choice of an 
appropriate therapy for the individual patient based on labo- 
ratory data and epidemiological observations. While their 
usefulness is discussed with some controversy," they are 
widely used in all medical disciplines. Prominent non-uro- 
logical examples are, for example, the Goldman risk index 
for determination of the risk of perioperative cardiac compli- 
cations for patients older than 40 years of age about to be 
operated on looking at nine variables, and the Multinational 
Association for Supportive Care in Cancer (MASCC) risk 
index, which can be used to identify low-risk patients for 
serious complications of febrile neutropenia,’ and several 
others. !°! 

In general, risk indices combine biological and physico- 
chemical knowledge with epidemiological data to calculate a 
single number from an array of measured or observed quan- 
tities. This single number then classifies the health status of 
the examined person with respect to the investigated disease 
on a standardized scale. It can be translated into an individual 
risk for the person to contract the disease. This way, a risk 
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index transforms an otherwise unmanageable amount of data 
into decision-making information. 

Risk indices can be used to characterize a patient’s base 
line risk and to monitor the success of the prescribed treat- 
ment scheme. Generally, under therapy a decreasing risk 
index confirms the choice of treatment strategy, while an 
unchanged or even increasing risk index requires an adjust- 
ment in therapeutic measures. 

To be of any practical relevance, a risk index should meet (at 
least) two demands: It should be relatively easy to determine 
within the daily clinical or practice routine at reasonable costs, 
and — even more important — it needs to distinguish accurately 
between persons at high risk and persons at low risk to develop 
symptoms. This leads to the main issue of risk index develop- 
ment: the right choice of measured or observed quantities and 
their correct interdependence. Most risk indices include values 
for commonly known or assumed so-called risk factors, quanti- 
ties that (potentially) promote or inhibit the development of 
symptoms. In case of urolithiasis, risk factors definitely include 
all lithogenic components (e.g., concentrations of calcium ions 
[Ca] and oxalic acid [OA]), lack of inhibitory urinary compo- 
nents (e.g., hypocitraturia), and — with different relevance — 
parameters like gender or age or various underlying or 
associated diseases (e.g., osteoporosis or renal tubular acido- 
sis). To calculate the risk index, the interrelation between the 
different risk factors has to be known or at least plausibly esti- 
mated in order to deduce the mathematical function that weighs 
the impact of the measured values correctly. 

Frequently, different biological, chemical, and physical 
processes within the body are related to a certain disease 
pattern. Depending on the number of identified or assumed 
causative factors, usually several, often quite different risk 
indices for the same disease pattern exist. This is also the 
situation for the multi-factorial disease pattern “urolithia- 
sis’’,!> as can be seen in the next section in which a selection 
of risk indices for the most common stone type in urolithiasis, 
the calcium oxalate,'* is presented. 


30.2 Risk Indices for Calcium 
Oxalate Formation 


From the first attempt to determine the risk of calcium oxalate 
stone formation by measuring one of the main promotoric 
factors, the urinary calcium concentration,'*'’ to the latest 
methods, sophisticatedly combining several measurands,'*'° 
iterative computation of urinary supersaturation based on 
thermodynamic models,” or inducing crystallization pro- 
cesses in vitro in native urine samples,” risk indices have 
been continuously developed and refined™**> during the past 
decades: a trend that reached its preliminary peak in the 


1970s and 1980s. 


With the innovation of the extracorporeal shockwave lith- 
otripsy (ESWL) in the late 1970s,” the urologists’ interest in 
the causes of stone formation and metaphylactic stone treat- 
ment began to dwindle. The ESWL was considered a “com- 
fortable” tool (for patient as well as urologist) making the 
need for primary prevention and metaphylaxis of stone for- 
mation obsolete, although the propensity for stone recur- 
rence remains unaltered by removal of stones with ESWL.”’ 
At the same time, the increased interest on research topics in 
the field of tumor diseases of the urinary tract also eclipsed 
stone research. 

Nowadays, provoked by the globally increasing prevalence 
and incidence of urolithiasis**' with growing number of 
patients and considerably increasing treatment costs, urolithia- 
sis research, and with it risk index development, is currently 
experiencing a comeback. Stone metaphylaxis, individually 
matched to the patient’s needs, becomes more important as no 
or insufficient stone treatment results in negative effects on the 
etiopathology.”**** This and the patients’ expectations™ bring 
biochemical risk evaluation and risk indices back into focus as 
they are essential for the development of an efficient metaphy- 
laxis program on an individual level. 

As already mentioned in the introduction, the right choice 
of measured or observed quantities and the correct analysis of 
their interdependence are required in order to develop a mean- 
ingful risk index. After decades of investigation into the causes 
of urolithiasis, a multitude of different risk factors have become 
available.” Certainly, all of them are more or less relevant 
for treatment of stone diseases, but only a few are relevant for 
the determination of the patient’s health status concerning 
stone formation, hence the risk index development. 

Since the driving force of crystal formation from urine is 
urinary supersaturation and since a risk index for urinary 
stone formation always predicts the probability of a physico- 
chemical process to occur, most risk indices consider at least 
one lithogenic urinary component. In order to better predict 
true urine supersaturation and ion-activity products with 
respect to the investigated stone type, the major promotoric 
and inhibitoric urinary constituents — as known from, for 
example, crystallization experiments — are combined into the 
mathematical expression of a risk index. 

Also, numerous intrinsic and extrinsic epidemiologic risk 
factors (with different impacts) have been identified as play- 
ing a role in the etiology of stone disease and thus could be 
considered for inclusion in a risk index. For example, gender, 
age, anatomical abnormalities of the urinary tract, underly- 
ing or associated diseases (e.g., gout, osteoporosis, hyperten- 
sion, hyperparathyroidism, renal tubular acidosis, diabetes, 
recurrent urinary infections), or disease patterns (e.g., meta- 
bolic syndrome), as well as climate, occupation, and lifestyle 
(including dietary habits, physical inactivity, stress) are, inter 
alia, made responsible for the occurrence of urolithiasis 
[e.g., °]. In particular, changes in lifestyle factors during 
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the past decades are considered causative for the dramatic 
increase of the occurrence of urolithiasis.“* These factors are 
certainly relevant for therapeutic recommendations, as many 
of them should be adjusted for general health improvement 
quite independently of the stone disease. 

However, compared to a laboratory (biochemical) analysis of 
a urine sample, data of these epidemiological risk factors are 
gathered with more effort and are difficult to comprise mathemat- 
ically as their contributions to a particular patient usually cannot 
be quantified. In contrast to the biochemical data that always refer 
to the particular individual delivering the urine sample with a 


Table 30.1 Examples of risk indices of calcium oxalate stone formation 
with different underlying approaches and methods to estimate urinary 
(relative) supersaturation, urinary ion-activity products. They distinguish 


potential supersaturation, most of the epidemiological factors are 
connected to the individual only by statistics, often with weak sig- 
nificance to the particular case. 

For this reason, from the multitude of urolithiasis risk 
indices currently available'***“° only those based on bio- 
chemical analysis are presented here. A selection of risk 
indices developed since 1976 for the evaluation of the indi- 
vidual risk of stone formation for the most common stone 
type in urolithiasis, the calcium oxalate, is given in 
Table 30.1.4% Their main underlying concepts will be exem- 
plarily discussed in the following subsections. 


between urines of calcium oxalate stone formers and urines of normal 
subjects. Some of them provide the patient’s gender. Some indices have 
been repeatedly refined 


Index Abbreviation Special features Reference 
Activity product ratio APR Pak and Holt (1976)*° 
Formation product ratio FPR Pak and Holt (1976)*° 
Supersaturation inhibition index SI Combination of calculated urine saturation Robertson et al. (1976)*” 

and measured inhibitor activity 
Approximation equation logI I/II, Computational approach Achilles et al. (1976)** 
Probability index Pe Robertson et al. (1978) 
Relative supersaturation RSS Computational approach (EQUIL) Finlayson (1978) 
Inhibitor activity Induction of crystal formation in gel system Bothor et al. (1982)*! 
Activity product index AP(CaOx) EQUIL-based non-iterative estimate of Tiselius (1982)!* 

the CaOx activity product with reduced 

number of input variables 
Discrimination index Induction of crystal formation in urine Sarig et al. (1982) 
Risk quotients Berg et al. (1983)* 
Supersaturation Computational approach Achilles and Ulshéfer (1984)™* 
Calcium oxalate crystallization risk = CaOx-CR Induction of crystal formation in urine Tiselius et al. (1985)* 
Oxalate tolerance value Induction of crystal formation in urine Briellmann et al. (1985)°° 
Crystal growth rate Ma Induction of crystal formation in gel system Achilles and Ulshöfer (1985) 
Saturation degree Marangella et al. (1985) 
Relative Supersaturation RSS Computational approach (EQUIL2) Werness et al. (1985) 
Discriminant score Parks and Coe (1986) 
Standardized activity product index = AP(CaOx), Tiselius (1989)” 

Tiselius and Sandvall (1990)°! 

Saturation coefficient Robert et al. (1994) 
Crystallization risk index CRI Daudon et al. (1996)* 
Evaluation of a urine’s capacity Color reaction of urine on a micro-structured Grases et al. (1997) 
to crystallize calcium salts reactive substrate after 

24-h incubation 
Saturated solution model Computational approach (SEQUIL) Ashby and Gyory (1997)! 
BONN-Risk-Index BRI Induction of crystal formation in urine Laube et al. (2000) 


Metastable limit 


Turbitidy rate index 


Risk factor model 


Induction of crystal formation in urine; 
96 well-plate assay 


Induction of crystal formation in urine; 
96 well-plate assay 


Kavanagh et al. (2000) 
Kavanagh et al. (2000) 


Robertson (2003)** 
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30.2.1 Single Quantities 


Historically, the first indicators to classify risk of stone 
formation were based on the determination of one risk factor, 
preferably that known or assumed as most influential on 
etiopathology of urolithiasis. If the analytical value of this 
particular factor is used to classify the patient’s status in the 
sense of “hyper-,” “normo-,’ or “hypo-,” this factor can be 
considered as an index.'®!’ 

In the case of calcium oxalate lithiasis, the concentrations 
or excretions of calcium, oxalate, citrate and pH are exam- 
ined. This diagnostic procedure follows the major recom- 
mendations of the European and German guidelines on 
urolithiasis in order to evaluate specific abnormalities in 
urine composition.’ For example, mild hypercalciuria 
starts at Ca-excretions exceeding 5 mmol/d. In general prac- 
tice, values exceeding this limit call for dietary measures, 
while in terms of risk indices, this value could be translated 
into an indicator of increased crystallization risk caused by 
abnormally high calcium excretions. Values exceeding 
8 mmol Ca-excretion per day require medication“ and can 
be translated into an indicator of very high risk for calcium 
stone formation. 

Similar classifications can be done to transform other 
important biochemical risk factors (e.g., hyperoxaluria, hypoc- 
itraturia, and low urinary pH-levels) into risk indices. Although 
they are not considered classic risk indices, on closer inspec- 
tion, they are definitely used as such, detecting lithogenic dis- 
eases and defining the first measures for treatment. 

These parameters, however, are in most cases recorded 
without further mathematically correlation, neglecting the 
possibility of, for example, inhibitory effects when only 
looking at promotoric quantities. 


30.2.2 Simple Ratios 


If a history of stone formation exists and the concentration 
and excretion values of the lithogenic, promotoric, and inhib- 
itoric urine parameters plot without pathological findings 
within their respective normal range, their single values 
alone cannot be used for the evaluation of the person’s stone 
formation risk. For this idiopathic stone formation, consider- 
ation of single quantities relative to one another can improve 
the diagnostic information. 

In these cases, urinary concentrations or excretions of 
several lithogenic and other promotoric and inhibitoric sub- 
stances and, where appropriate, of further urinary character- 
istics, such as 24-h volume and urinary pH, are taken. They 
are suitable as input variables for the calculation of multi- 
parameter ratios or other mathematical correlations. As these 
approaches account for the antagonistic processes involved 


in urinary stone formation, they promise better distinction 
between stone formers (SF) or persons prone to form stone, 
respectively, and normal subjects and successfully treated 
former stone patients. 

Based on urinalysis parameters, simple quotients with 
promotoric variables in the numerator and inhibitoric ones in 
the denominator are calculated. Examples are the concentra- 
tion-based ratios: [Ca]/[CA], ({Ca] x [OA])/[CA] and ([Ca] 
x [OA])/([CA] x [Mg]), or, focusing on urinary excretions, 
the {Ca}/{CA} and ({Ca}x {OA})/{CA} ratios. A variety of 
further indices exists. 

Since most stone formers are idiopathic and since 
absence of a single quantity reflects that stone formation is 
mainly caused by a complex imbalance between all pro- 
moting and inhibiting urinary factors,””' at least one of 
these ratios should be chosen as a tool for exploratory risk 
evaluation. 


30.2.3 Iterative Model Calculations 


Another type of risk indices is based on computer simulations 
of commonly accepted thermodynamic equilibrium models 
of complex chemical interactions in urine, taking into account 
the most important urinary components. The simulations iter- 
atively calculate from an initial chemical analysis of several 
urinary components (e.g., [H,O*], [Na*], [K*], [Ca**], [Mg], 
[NH,*], [SO], [PO,*-], [CA], [OA]) the ion activities and 
the concentrations of potentially formed coexisting com- 
plexes, and finally the relative supersaturations for all poten- 
tially precipitating salts. Computer programs providing these 
features include EQUIL,”” JESS”). Among these, EQUIL 
is the most often used program in urolithiasis research to esti- 
mate the relative urinary supersaturation (RSS). 

To date, the RSS risk index — based on the supersaturation 
calculated from urinalysis with EQUIL — is one of the most 
sophisticated risk indices that bases on a biochemical analysis. 
RSS is computed from the concentrations of at least 12 inde- 
pendent primary cations and anions commonly found in urine. 
Based on this data set and a set of thermodynamic stability 
constants of complexes that may form in urine from these 
ions, a set of nonlinear simultaneous equations can be devel- 
oped. Taking the conservation of mass into account, the non- 
linear equation system rapidly converges to self-consistency 
by iterative approximation, in order to obtain the equilibrium 
concentrations of potentially occurring complexes. The less- 
soluble stone-salt complexes are of particular interest. From 
these complex concentrations, the urinary supersaturation of 
important mineral components in kidney stones (e.g., calcium 
oxalate) can be computed. Since its first release, the computer 
program has experienced several improvements.”°??°0.”4 

Although this classic thermodynamic approach promises 
the best results for estimation of urinary supersaturation by 
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including a number of urinary components (23 at the most 
enhanced program version, EQUIL93”), it seems that this 
variety of input variables in fact hinders more widespread 
use of the EQUIL tool. 


30.2.4 Complex Combined Parameters 


A prominent example of a more complex risk index for cal- 
cium oxalate is the widely used AP(CaOx) index, which esti- 
mates the urinary ion-activity product with respect to calcium 
oxalate from urinalysis data. With the AP(CaOx), Tiselius 
developed an analytical, non-iterative approach to approxi- 
mate the more laboriously obtained ion-activity product. '® 
Starting with an average urine composition, the relative con- 
tribution of selected urine components to the ion-activity 
product was determined. Under systematic variation of each 
of the urine components, the ion-activity product was calcu- 
lated based on the principles of Robertson” and Finlayson,”* 
the latter supplying the EQUIL program for use. The most 
influencing parameters were combined to a quotient accord- 
ing to the results obtained from the previous calculations. 
AP(CaOx) is computed from Eq. (30.1)"*: 


{Ca}? x {OA} 
{CA}°” x {Mg}°” x y!” 


AP(CaOx) = 1.9 x (30.1) 


with {Ca}, {OA}, {CA}, {Mg}, and V as the urinary 24-h 
excretions of calcium, oxalic acid, citric acid, magnesium, 
and the 24-h urine volume, respectively. The different expo- 
nents in Eq. (30.1) reflect the different influences of each of 
the quantities on the ion-activity product of calcium oxalate 
and thus calcium oxalate formation. The exponents as well 
as the factor were continuously adjusted to improve the 
approximation to the updated calculations of ion-activity 
products. 

Out of all risk indices, the AP(CaOx) index found its way 
into many national guidelines on urolithiasis.°“°’ The great 
success of the AP(CaOx) index in comparison to RSS can be 
ascribed to its convenient application due to the manageable 
number of laboratory parameters and the implicit use of 
background information considering the important role of 
urinary supersaturation in stone-forming processes provided 
by EQUIL. The use of excretion values as commonly 
accepted by the clinicians for evaluation of the patient’s met- 
abolic state instead of the concentration values intuitively 
increases the willingness for AP(CaOx) application. 


30.2.5 In Vitro Crystallization Experiments 
with Native Urine 


Initially, the development of novel risk indices was mainly 
characterized by the preferential consideration of an 


increasing number of risk factors. These approaches reached 
considerable mathematical complexity. Some of them give 
an acceptable differentiation between stone formers and 
healthy subjects.” However, these risk indices are conceptu- 
ally unable to include all of the important physico-chemical 
factors of stone formation that influence — either as promot- 
ers or as inhibitors — processes such as heterogeneous nucle- 
ation, aggregation, and agglomeration. Especially the 
macromolecular urinary constituents belonging to the groups 
of glycosaminoglycans, glycoproteins, and polypeptides are 
not accounted for in any of the common or aforementioned 
risk indices. Although a number of these molecules were 
identified (e.g., heparin, chondroitin, hyaluronic acid, 
bikunin, prothrombin-1-fragment, fibronectin, osteopontin, 
uromodulin) and their respective effect on crystallogenesis 
has been extensively investigated,”’”*' their role in uro- 
lithiasis remains enigmatic, as their cumulative effect on 
each of the processes of crystal and stone formation depends 
not only on their individual concentrations but also on their 
chemical environment itself. Furthermore, most of these 
macromolecular urinary constituents are either not yet rou- 
tinely accessible or analysis would be too laborious or too 
costly. 

In vitro crystallization tests investigating initial steps of 
stone formation in native or processed urine samples implic- 
itly consider the influence of all urinary components con- 
tained in the sample. Risk indices based on these methods 
are therefore bound to score well with respect to accuracy 
and discriminatory power. 

Various methods for urine preparation and induction of 
crystal formation were developed to investigate the propen- 
sity of urine specimens for urolithiasis.2°°°°°*° These 
approaches in general trigger lithiasis-related processes with 
different techniques (e.g., evaporation, dialysis, addition of 
oxalate-solution, or seeding). In principle, they allow for the 
investigation of the influence of any substance on nucleation, 
growth, agglomeration, and aggregation of insoluble urinary 
salts.**8”§ Based on experiment-derived measures, possibly 
in combination with one or a few quantities from urinalysis, 
a risk index predicting individual risk of stone formation can 
be developed. 

As an example for a crystallization experiment—based risk 
index, the BONN-Risk-Index (BRI) is chosen. In brief, it 
was shown that in whole native urine, the ratio of the initial 
urinary ionized calcium concentration [Ca] to the amount 
of oxalate anions (Ox”) necessary to be titrated to a 200 ml 
aliquot to that urine to induce the precipitation of calcium 
oxalate salts can be used as a diagnostic marker to monitor a 
person’s risk to form calcium oxalate stones. This quotient 
was termed the BONN-Risk-Index. The easy-to-determine 
index effectively distinguishes between urines of stone form- 
ers and controls.**° 

The advantage of risk indices determined from experi- 
mental crystallization models in native urine is their 
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potential consideration of both kinetic and thermodynamic 
influences on the urine’s “crystallization risk.” The interac- 
tion of all urinary constituents in their native chemical envi- 
ronment, as presented by the patient, is considered. 

The major disadvantage of this principle approach is the fact 
that it alone fails to answer the question as to why the patient is 
assigned with an increased risk. When no comprehensive uri- 
nalysis is performed, the chemical causes of stone formation 
may remain unspecific. In these cases, at least the apparent bio- 
chemical risk factors related to, for example, hypercalciuria or 
hypocitraturia have to be evaluated separately in order to estab- 
lish a specific therapy. Once the individual cause for urolithia- 
sis is found and a specific therapy is established, its efficacy is 
best controlled by use of crystallization experiment—based risk 
indices as therapy-related effects that are beyond (routine) ana- 
lytical accessibility are considered. 

Risk indices based on a crystallization experiment are 
often assumed to be more suitable for clinical research rather 
than for clinical routine application, because they sometimes 
require a relatively laborious preparative work prior to mea- 
surement and expertise in result interpretation. Therefore, 
their popularity only slowly increases, as can be observed for 
the BRI.” 


30.3 Application to a Selected Data Set 


In order to illustrate the different qualities of exemplary risk 
indices of calcium oxalate stone formation, non-infected 
24-h urines of 90 healthy volunteers (NSF) and of 100 
untreated recurrent calcium oxalate stone formers (SF) at 
start of their metabolic workup were collected and assayed 
for calcium, phosphate, oxalate, citrate, and other electro- 
lytes. Based on these analyses, three quotients of concentra- 
tions of selected urinary constituents, as described in 
Sect. 30.2.2, as well as the risk indices RSS and AP(CaOx) 
were calculated. Furthermore, from all urines, the BONN- 
Risk-Index (BRI) was determined according to the standard- 
ized method described in Sect. 30.2.5.” All subjects were 
under free diets at the time of urine collection, and none of 
the patients was undergoing pharmacologic treatment with 
respect to stone disease. 

The statistical key characteristics (mean, median, SD) of 
the determined urinary parameters (concentrations, related 
renal excretions, volume, and pH) are depicted in Tables 30.2 
and 30.3. These summaries indicate that mean urinary con- 
centrations and mean 24-h excretions of some urinary param- 
eters differ significantly, as expected, between controls and 
stone formers, in particular for total calcium, free calcium, 
oxalic acid and citric acid. 

As risk indices should be the key tools in the process of 
therapeutic decision making, their ability to distinguish 


Table 30.2 Statistical key figures of the underlying data sets used for 
calculation of the presented risk indices 


NSF SF 
Unit M MD SD M MD SD 
[pH] - 6.24 6.29 0.43 632 6.45 0.49 
[Na] mmol/L 69.56 54.94 32.50 58.46 56.63 24.56 
[K] mmol/L 29.49 26.00 12.08 *24.04 23.77 7.89 
[Ca] mmol/L 1.66 150 O “237 PA ee) 
[Ca] mmol/L 0.32 0.28 0.21 “0.75 0.72 0.36 
[Mg] mmol/L 2.17 1.) 1.14  *1.73 1.61 0.70 
[NH,] mmol/L 14.51 14.17 6.64 *12.77 10.96 7.66 
[Cl] mmol/L 68.05 56.00 28.21 62.87 59.95 26.95 
[PO,] mmol/L 12.82 11.09 5.98 11.83 10.97 4.65 
[UA] mmol/L 1.56 JESI 0.74 1S7 1.25 0.56 
[OA] mmol/L 0.15 0.13 0.11 “0.22 0.14 0.25 
[CA] mmol/L 1.48 1.22 114 “0.86 0.70 0.63 


Uric acid, Oxalic acid, Citric acid, BONN-Risk-Index [1/L]. * and * 
difference statistically significant versus H, if p < 0.05 and if p < 0.005, 
respectively. Non-parametric two-sided test (Mann-Whitney-U) for 
independent (i.e., H versus P). Mean values (M, geometric mean for BRI, 
otherwise arithmetic mean), median values (MD), and standard deviations 
(SD) of molar concentrations of important urinary constituents determined 
from 24-h urines of healthy volunteers (NSF, n = 90), untreated recurrent 
calcium oxalate stone formers (SF, n = 100) at start of their metabolic 
workup. Ca®* was analyzed using a calcium-selective electrode. 


Table 30.3 Mean values (M), median values (MD), and standard 
deviations (SD) of renal 24-h excretions determined from the same set 
of urinalyses that was taken as basis of Table 30.1 


NSF SF 
Unit M MD SD M SD 

{V} mL/d 2802 2695 1320 2503 2463 823 

{Na} mmol/d 172.10 142.68 74.66 139.94 138.14 53.68 
{K} mmol/d 43.29 45.55 38.94 57.91 57.27 20.20 
{Ca} mmol/d 4.21 3.66 232 PSS 5.63 2.64 
{Ca**} mmol/d 0.93 0.81 0.68 = °1.83 1.77 0.99 
{Mg} mmol/d ao) Soll ll 215423 4.11 1.81 
{NH,}mmol/d 36.79 34.47 18.28 29.13 25.77 14.19 
{Cl} mmol/d 169.77 146.45 69.26 148.84 147.39 58.48 
{PO,} mmol/d 30.87 29.49 10.11 27.15 27.87 7.28 
{UA} mmol/d 3.76 333 27 EE 3.11 0.93 
{OA} mmol/d 0.33 0.33 0.11 0.50 0.36 0.59 
{CA} mmol/d 3.54 SHG) 1.86 °2.14 1.99 1.56 


Abbreviations and symbols see Table 30.1 


between the patients’ alternative states of health should be 
reliable and accurate. Both given the applicability and use- 
fulness of a risk index determines its practical value. 

The diagnostic accuracy, the most fundamental property 
of any laboratory test and especially a risk index as a 
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classification device, can be measured as pairs of diagnostic 
sensitivity (true positive rate) and diagnostic specificity 
(true negative rate). For each defined decision threshold, 
dividing the examined subjects into the two subgroups, the 
test or risk index displays a certain diagnostic sensitivity 
and specificity — the high value of one usually trading off the 
high value of the other quantity. Only the entire spectrum of 
sensitivity/specificity pairs provides a complete picture of 
the test’s accuracy” and its discriminative power. Receiver 
operating characteristics (ROC) graphs plot all of the sensi- 
tivity/specificity pairs resulting from continuous variation 
of the decision thresholds and demonstrate the test’s ability 
to correctly classify subjects into clinically relevant sub- 
groups.” The actually chosen decision threshold refers to 
the so-called operating point of the ROC graph indicating 
the sensitivity and specificity of the test performed with this 
threshold. 

For the selected risk indices examined in this section, the 
diagnostic sensitivity and specificity were calculated for 
decision thresholds varying over the entire range of observed 
results. Next, ROC graphs were drawn by plotting the true 
positive rate (or sensitivity) against the false positive rate 
(1-specificity). Often, the diagnostic accuracy of a test deter- 
mined by ROC is quantified by a single number — mostly the 
area under curve (AUC). The values for AUC range by defi- 
nition between 0.5 (in average true positive rate equals false 
positive rate with no discriminatory power of the test) and 
1.0 (only true positives, no false positives with perfect sepa- 
ration of the test values of the two groups). The implied con- 
clusion that ROC plots with higher AUCs always exhibit 
higher discriminatory powers of the corresponding tests is 
only conditionally valid.” Nevertheless, the area under the 
ROC curve (AUC) was determined for the ROC plot of each 
selected risk index and is discussed in Sect. 30.3.6. 


30.3.1 Evaluation of Single Quantities 
as Risk Indices 


For the previously described samples, ROC curves of the 
important urinary parameters of calcium oxalate lithiasis, 
Ca**, total Ca, Mg, citric acid, and oxalic acid, are plotted for 
their concentrations (Fig. 30.1) and their related excretions 
(Fig. 30.2). All other investigated urinary single parameters, 
such as the concentrations and 24-h excretions of K, Na, or 
uric acid, are indicated by poor discriminatory power (AUC 
< 0.6) and are therefore not shown. Surprisingly, the often 
discussed urinary 24-h volume is also of poor discriminatory 
power as the negligibly small AUC of 0.57 indicates; for ori- 
entation, this parameter was also included in Fig. 30.1 as 
well as later in Fig. 30.3 as one of the input parameters for 
calculation of AP(CaOx). 
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Fig. 30.1 Receiver operating curves (ROC) comparing discriminatory 
power of the indicated urinary concentrations. The parameter “urinary 
concentration of free Ca**-ions” shows by far the highest discriminatory 
power. Citric acid, total calcium, and magnesium show similar curves, 
whereas oxalic acid and 24-h urine volume are of no discriminatory 
value. The legend gives the indices in order of increasing “area under 
the curve” (AUC) 
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Fig. 30.2 Receiver operating curves comparing discriminatory power 
of the indicated urinary 24-h excretions. The parameter “24-h excretion 
of free Ca?*-ions” shows by far the highest discriminatory power. The 
legend gives the indices in order of increasing “area under the curve” 
(AUC) 
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ROC graphs for urinalyses of the subjects included in 
this study show a high discriminative power of the free 
calcium ions, in particular their concentration. Within this 
data frame, the single value of free calcium concentration 
({Ca?*]) proved to be an acceptable risk index and can be 
used to discriminate between CaOx-SF and NSF. Total 
calcium and citric acid as single quantities used as risk 
indices show only moderate discriminatory power, 
whereas magnesium and oxalic acid and, in particular, the 
24-h volume cannot distinguish accurately between SF 
and NSF. 

The good performance of free calcium concentration as 
a risk index for discrimination between CaOx-SF and NSF 
is possibly due to the limited groups of subjects, consist- 
ing only of CaOx-SF and NSF. Once an adequately large 
group of other calcium stone formers (e.g., of brushite or 
of carbonate-apatite) is admitted to the study, the single 
quantity “calcium concentration” no longer discriminates 
between CaOx-SF and NSF. As therapies for CaOx-SF 
and calcium-phosphate-SF may differ significantly, a risk 
index based solely on urinary free calcium concentration 
has no value in the decision-making process. In practice, 
the occurrence of calcium-containing stones not com- 
posed of CaOx has a probability of less than 10%. Under 
this consideration, the concentration of free calcium can 
be expected to continue to discriminate between CaOx-SF 
and controls. 
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Fig. 30.3 Receiver operating curves illustrating the effect of a combi- 
nation of five single parameters to a meaningful risk index. The 
AP(CaOx)-Index is calculated from Eq. (30.1) and shows, compared to 
each of the input parameters, the highest differentiation potential 
between urines from stone formers and controls 


30.3.2 Evaluation of Simple Ratios 
as Risk Indices 


Diagnostic sensitivity and specificity were determined for 
the quotients [Ca]/[CA], [Ca][OA]/[CA], and ({Ca][OA])/ 
({CA][Mg]) calculated from the data set. The corresponding 
ROC graphs are shown in Fig. 30.4. While the first two 
quotients show similar discriminatory power, inclusion of 
the magnesium concentration in the latter quotient enhances 
its discriminator power as the increase of area under curve 
from 0.87 and 0.86, respectively, to 0.9 indicates. However, 
[Mg] as single quantity showed only negligible discrimina- 
tory power. Compared to the single quantities, at a compa- 
rable sensitivity the specificity of the test is higher, resulting 
in a lower false positive rate as can be seen in the respective 
ROC graphs. 


30.3.3 Evaluation of Iterative Model 
Calculations as Risk Indices 


The relative supersaturation (RSS) for calcium oxalate was 
determined from the urinalyses of the respective subjects 
groups using a program based on EQUIL. Sensitivity and 
specificity were obtained from the results. The respective 
ROC graph is shown in Fig. 30.5 together with ROC graphs 
of the later on discussed risk indices AP(CaOx) and BRI. 
Although an area under curve from nearly 0.8 indicates 
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Fig. 30.4 Receiver operating curves comparing discriminatory power 
of the concentration-based risk indices ({Ca]/[OA]/([CA][Mg]), [Ca]/ 
[CA] and [Ca]/[OA]/[CA]. The legend gives the indices in order of 
increasing “area under the curve” (AUC) 
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Fig. 30.5 Receiver operating curves comparing discriminatory power 
of the risk indices BRI, AP(CaOx), and RSS. The legend gives the 
indices in order of increasing “area under the curve” (AUC) 


acceptable discriminatory power, only low sensitivity at high 
specificity of the test is found within this subject groups. 
Especially for the detection of SF, a high sensitivity — hence 
a high true positive rate — would be preferable. Sensitivity 
above 0.9 is achieved at costs of low specificity below 0.4. 
For comparison, the quotient ([Ca][OA])/([CA][Mg]) 
displays a specificity of 0.6 at the same sensitivity of 0.9 
(Fig. 30.4). 


30.3.4 Evaluation of Complex Combined 
Parameters as Risk Indices 


AP(CaOx) for each urine analysis was calculated according 
to Eq. (30.1). Diagnostic sensitivity and specificity were 
determined for this risk index and are plotted against each 
other in the ROC graph of Fig. 30.3, together with the respec- 
tive ROC graphs of the input parameters {Ca}, {Mg}, {CA}, 
{OA} and 24-h volume. While the single quantities show 
only low-to-moderate potential to distinguish between SF 
and NSF, the combination of these parameters in the 
AP(CaOx) leads to a risk index whose discriminatory power 
exceeds that of each of the included risk factors alone; a good 
example for how risk indices increase knowledge superior to 
single consideration of risk factors. In Fig. 30.5, AP(CaOx) 
is shown in comparison to RSS and BRI. Their differences 
will be discussed in Sect. 30.3.6. 


30.3.5 Evaluation of In Vitro Crystallization 
Experiments with Native Urine 


As an example of a crystallization experiment—based risk 
index for calcium oxalate lithiasis, the recently developed, 
easily accessible BONN-Risk index (BRI) was chosen. From 
each of the collected urines, the BRI was determined as 
described in Sect. 30.2.5. Diagnostic sensitivity and specific- 
ity were determined for the BRI and are plotted against each 
other in the ROC graph of Fig. 30.5 together with the ROC 
graphs of AP(CaOx) and RSS. 


30.3.6 Discriminatory and Predictive Power 
of Selected Risk Indices 


In this section, the ability of selected risk indices to discrimi- 
nate between just two alternatives, calcium oxalate stone 
former (SF) or non-calcium oxalate stone formers (NSF), is 
examined. As with all empirical data, in both groups, some 
subjects are diagnosed falsely. In the group of subjects 
declared as SF, NSF can be found (false positives), and in the 
group of NSF, SF can be found (false negatives). The number 
of false diagnoses in each group depends on the decision cri- 
terion set for the index. 

In order to compare the discriminatory power of the 
examined risk indices, for each risk index, the value result- 
ing in the same false positive rate and false negative rate 
was chosen as an example threshold (cutoff value) for deci- 
sion making. As false negative rate equals 1-sensitivity and 
false positive rate equals 1-specificity, the corresponding 
operating point for each ROC graph then lies on the inter- 
section between the ROC plot and the diagonal line with 
sensitivity = specificity. Actually, the appropriate decision 
criterion for a particular risk index depends strongly on the 
benefits ascribed to the correct outcomes and the costs 
ascribed to the incorrect ones.” For example, if a therapy 
based on the risk index’ classification provides only general 
advice (e.g., solely influencing dietary habits and physical 
activity with positive side effects to the general health sta- 
tus), a threshold value resulting in a higher false positive 
rate is clearly acceptable. If a treatment scheme provokes 
severe side effects (e.g., due to heavy medication), a lower 
false positive rate would be preferable. 

In Table 30.4, the area under curve, decision threshold or 
cutoff value, true positive and false positive rates, as well as 
positive and negative predictive values are given for each of 
the investigated risk indices at the example thresholds in 
order of decreasing sensitivity. All six risk indices — the three 
simple quotients as well as AP(CaOx), RSS, and BRI — have 
sensitivities higher than 0.7 and false positive rates lower 
than 0.3 for the corresponding example threshold. The area 
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Table 30.4 Key numbers derived from ROC-analysis of various biochemical risk factors and risk indices of calcium oxalate stone formation 
analyzed and calculated from urine samples summarized in Tables 30.2 and 30.3 


Risk factor/risk index 


Cutoff value 


([Ca][OA])/([Mg][CA]) dim. less 0.90 
BRI WAL, 0.87 
[Ca] mmol/l 0.86 
[Ca][OA]/[CA] mmol/l 0.86 
[Ca]/[CA] dim. less 0.87 
{Ca**} mmol/d 0.79 
AP(CaOx) (mmol/d)!°/ml!°° 0.82 
RSS dim. less 0.78 
[Ca] mmol/l 0.70 
{CA} mmol/d 0.73 
[CA] mmol/l 0.71 
[NH,] mmol/l 0.62 
{NH4} mmol/d 0.63 
{Ca} mmol/d 0.68 
[Me] mmol/l 0.63 
{Mg} mmol/d 0.64 
{OA} mmol/d 0.63 
[OA] mmol/l 0.62 
24-h volume ml/d 0.54 


0.15 0.80 0.20 0.851 0.026 
1.43 0.79 0.21 0.833 0.025 
0.45 0.77 0.23 0.835 0.027 
0.27 0.76 0.24 0.817 0.026 
1.94 0.76 0.24 0.817 0.026 
Isls) 0.73 0.27 0.820 0.027 
0.67 0.72 0.28 0.783 0.025 
335 0.72 0.28 0.783 0.025 
1.88 0.66 0.34 0.722 0.023 
2.49 0.65 0.35 0.685 0.021 
0.92 0.63 0.38 0.722 0.023 
TAIB 0.62 0.38 0.476 0.011 
POMS 0.61 0.39 0.476 0.011 
5.01 0.61 0.39 0.685 0.021 
1.74 0.61 0.39 0.476 0.011 
4.74 0.60 0.40 0.476 0.011 
0.34 0.57 0.43 0.648 0.019 
0.13 0.57 0.43 0.644 0.019 
2550 0.55 0.45 0525 0.014 


Area under the ROC curve, Sensitivity (i.e., true positive rate) at cutoff value (decision threshold), 1 — Specificity (i.e., false positive rate) at cutoff 
value, Positive predictive value at decision threshold for the examined study sample, Negative predictive value at decision threshold for the examined 


study sample. 


under curve of the respective ROC graphs exceeds 0.75 for 
these indices. With the exception of [Ca**] and {Ca}, all 
single quantities show less discriminatory power and a lower 
sensitivity. Concentration and excretion of free calcium rank 
between the more sophisticated risk indices for the examined 
subject groups, within the limits discussed in Sect. 30.3.1. 
The laboriously calculated RSS and the simplified estimate 
of the ion-activity product, AP(CaOx), show comparable 
sensitivity, accuracy, and discriminatory power, confirming 
the good approximation of complex physico-chemical pro- 
cesses by a thoroughly developed formula. 

However, the performance of a diagnostic test cannot be 
evaluated by area under curve or any other single number 
derived from the ROC plot since a particular discriminatory 
pattern can only be recognized from the curvature of the 
whole plot.” In Fig. 30.5, the ROC graphs of three different 
risk indices, each reflecting different methods of determina- 
tion, are compared directly with each other: the AP(CaOx), 
the EQUIL-based relative supersaturation (RSS), and the 
BONN-Risk-Index (BRI). Among all ROC graphs of the risk 
indices presented in this section, the ROC graph of BRI 
shows the most typical convex curvature. The ROC plot for 
BRI passes closer to the upper left corner of the diagram than 


those for AP(CaOx) and RSS, allowing choice of an operating 
point with higher sensitivity and specificity and thus indicat- 
ing higher discriminatory power for BRI. The slope of a tan- 
gent to a differentiable function fitted to the BRI-ROC data 
decreases continuously with an increasing false positive rate. 
The decision threshold can be shifted up to values corre- 
sponding to the sensitivity and specificity of an operation 
point with a tangent slope of one, gaining more true positives 
than false positives with each increment. Shifting the deci- 
sion threshold to values with higher sensitivity, the false 
positive rate increases more than the true positive rate (slope 
of a tangent <1). Up to a certain limit, in case of urolithiasis, 
the gain of even a few more true positives at the cost of an 
increased number of false positives can be accepted as severe 
side effects in stone therapy are uncommon. 

In practice, the ideal operating point and hence the deci- 
sion threshold to be chosen cannot be evaluated by these 
mathematical or statistical considerations. Here, the cost of 
misclassifications and the epidemiological prevalence are 
usually taken into account to determine the slope of a straight 
line drawn as a tangent to the ROC graph as described by 
Zweig et al.” For ROC graphs with a continuously decreas- 
ing slope of the fitted function, as with one for the BRI, one 
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distinct operating point can be easily defined for each slope 
calculated on the basis of any selected evaluation criterion. 

In this chapter, sensitivity and specificity are used to eval- 
uate the risk indices, especially their discriminatory power. 
Both properties are inherent to the test and can be seen as a 
measure of performance independent from the prevalence of 
the examined symptom. 

The predictive power of a test can be described in terms of 
predictive value, either the fraction of all correct positive 
results (PV+) or all correct negative results (PV—). Both 
quantities are strongly correlated to prevalence within the 
examined group and evaluate the test’s predictive perfor- 
mance within this particular subject group. They are given in 
Table 30.4 for each of the examined risk indices for the pre- 
viously specified cutoff values. As the prevalence of calcium 
oxalate stone formers in the study sample (= 1.11) is not rep- 
resentative for prevalence of urolithiasis in the target popula- 
tion (e.g., 0.05 in Germany or 0.13 in USA”), the positive 
predictive values for each risk index given in Table 30.4 are 
most likely too high. All data shown in Table 30.4 will 
change not only with cutoff value but also with increasing 
total number of subjects and changing ratios between num- 
ber of SF and NSF, respectively. 


30.4 Benefits and Limits 


Urinary calculi are the symptom and the manifestation of a 
(mostly) complex disease pattern altering urinary composi- 
tion toward a thermodynamically instable solution with 
supersaturation exceeding the metastable limit.**°*”? Quite 
frequently, initial causes cannot be identified and remain 
unknown. 

A suitable and advisedly used risk index can be an effec- 
tive tool for classifying an otherwise almost unmanageable 
amount of analysis data, facilitating diagnoses, improving 
prevention, therapy monitoring, and sometimes providing 
even a first indicator of the potentially underlying diseases. 
The main benefit of risk index application is the evaluation 
of the impact of medication and of adjunct dietary recom- 
mendations in the course of treatment. In case of a non-suffi- 
cient therapeutic outcome, the measures can then be 
individually fine-tuned step by step to best meet the patient’s 
requirements. Especially, the crystallization experiment- 
based indices consider all individual, otherwise probably not 
detected, urinary properties influencing stone formation. In 
addition to the already mentioned macromolecular fraction, 
even urinary compositions altered by, for example, metabo- 
lites of drugs are included in the result. 

Despite the advantages, mostly urologists at clinics spe- 
cializing in urolithiasis treatment are regularly using risk 
indices of different complexities for patient characterization 


and follow-up examination. In particular, the urologists in 
private practice often forgo the advantages of a powerful 
tool. Amount of efforts and (sometimes extra) costs associ- 
ated with the determination of the input parameter of a risk 
index are often overrated but quite frequently cited as rea- 
sons for a lack of risk index acceptance. Also, occasional 
“negative experiences” with a certain index may explain the 
cautious application of risk indices in general. Certainly, the 
user of a particular risk index must be aware of the index- 
individual restrictions — for example, the correct input param- 
eters (e.g., concentrations, excretions, units) and the pitfalls 
that may occur during urine collection and analysis (e.g., the 
use of spot urine instead of 24-h urine, or wrong urine- 
storage during collection). It is often overlooked that the 
considerable day-to-day variation of the urinary parameters 
requires repeated (24-h) urine collections and risk index 
determination for sufficient risk evaluation,®:'!'°! especially 
at the beginning of a therapy, not only to characterize the 
patient’s baseline crystal formation risk, but also to obtain a 
meaningful set of urinalyses for evaluation of biochemical 
risk factors. When deciding on the crystallization risk from 
spot urines, the fraction should be carefully chosen in order 
to evaluate that moment most characteristic for the stone for- 
mation risk while within-day variation of urinary composi- 
tion." Furthermore, urine collection must be performed at a 
moment that does reflect the person’s normal life conditions. 
In case of the patient suffering from stone load during urine 
collection, alteration of the concentration of the lithogenic 
parameters toward “false-low” analysis values should be 
taken into consideration when interpreting urinalysis 
data.'°*:' Also, in case of risk indices including urinary pH 
as input parameter, the exclusion of a urinary tract infection 
is recommended. 

Risk indices without therapy concepts are of limited 
value, as they are only indicators and do not provide a spe- 
cific conclusion. Nevertheless, with the correct diagnosis and 
a valuable treatment scheme, an appropriate risk index deter- 
mined by following the respective instructions yields a gain 
in information that justifies the effort — especially when the 
results are carefully interpreted by a physician familiar with 
the limits of the model concerned. 


30.5 Conclusions 


Quantification of risk has already gained importance in many 
disciplines, including medicine where for almost every dis- 
order at least one risk index exists. In urolithiasis research, 
several risk indices assessing the probability of stone forma- 
tion are available. Due to the advances in diagnosis and uri- 
nalysis, new risk factors can be identified and risk factors of 
minor impact may consequently be disposed. Thus, existing 
risk indices can be optimized and improved. 
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As complex indices are actually only rarely used in daily 
routine, newly developed risk indices should not only pro- 
vide a high discriminatory power but should also use prefer- 
ably easy-to-access parameters and an easy-to-calculate 
algorithm. 

There are efforts to develop risk indices including only 
general patient data such as age, sex, urine volume, smoking, 
alcohol intake, family history, stone number, and history of 
gouty arthritis for the so-called Stone Recurrence Predictive 
Score (SRPS),'® or age at onset of the disease, gender, 
urinary pH and specific gravity, serum calcium and uric acid, 
stone burden, side and location, treatment modality and 
recurrence history as combined in an approach of Unal 
et al.'°° Because these risk indices require few or even no 
laboratory data, they offer — at least for the two above cited 
studies — a convenient method for prognosis of stone recur- 
rence. However, the applications of risk indices like the 
SRSP, which forgo any kind of information about urine com- 
position, are limited to preliminary investigations whether 
more cost-intensive analyses are recommended. They offer 
no hints about the physico-chemical causes of urolithiasis 
and cannot be used for monitoring of individual treatment 
success. 

Another new approach in assessing the risk of urolithiasis 
is the use of artificial neuronal networks (ANN). Since 
ANNs can recognize patterns in highly complex data sets, 
they are supposed to be more accurate in multivariate analy- 
sis than classical statistical analysis and are increasingly 
used in medical decision processes. Dussol et al. used ANNs 
to define the best risk factors among 19 medical and labora- 
tory parameters. ANNs pointed out calcium oxalate super- 
saturation and 24-h urinary urea concentration as the most 
discriminant variables and allowed for the compilation of a 
two-dimensional map including these parameters for risk- 
determination of calcium oxalate stone formation. 

All these examples show, with increasing detailed knowl- 
edge in the processes governing stone formation and with 
successive progress in the analytical methods, risk formulas 
will be developed exceeding the predictive power of the pres- 
ent approaches. 
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Blood and Urinary Tests in Stone Formers 


Michelle Jo Semins and Brian R. Matlaga 


Abstract Kidney stone disease is highly prevalent, has a rising incidence, and a high 
recurrence rate. Stone events greatly impact quality of life of patients and pose a great 
financial burden on society. Over several decades, the surgical treatment of stone disease has 
advanced significantly. While surgical technique has evolved, evidence demonstrates medi- 
cal therapy decreases stone recurrence rates and prevention should not be overshadowed by 
surgical advances. A thorough metabolic evaluation of stone formers helps guide therapy 
for prevention. Herein we review the specific blood and urine tests that can be done in stone 
formers to identify specific treatable metabolic abnormalities. 


31.1 Introduction 


Kidney stone disease is a common malady, estimated to affect 
approximately 10% of the US population: The lifetime prev- 
alence among males is 13%, and among females is 7%.'* 
However, recent evidence suggests that the prevalence of 
stone disease is increasing among women such that the gen- 
der distribution is moving closer to parity.* Alarmingly, the 
incidence of upper urinary tract stone disease is increasing; 
between 1980 and 1994, there was a 37% increase in the 
prevalence of this disorder.’ It should also be noted that kid- 
ney stones are a recurrent phenomenon; the lifetime recur- 
rence rate has been reported to be greater than 50%.>° 

The surgical treatment of patients suffering from symp- 
tomatic kidney stones has undergone great advances over the 
previous 2 decades. Whereas kidney and ureteral stones were 
once commonly treated with open surgical lithotomy, such 
procedures are now rarely performed. In the present era, 
almost all urinary calculi are treated either in a minimally 
invasive endoscopic fashion with ureteroscopy or percutane- 
ous nephrolithotomy, or in a completely noninvasive fashion 
with shock wave lithotripsy (SWL).’ Perhaps as a conse- 
quence of the great advancements in the surgical treatment of 
stone-forming patients, some attention has shifted away from 
efforts to prevent the actual formation of a kidney stone. 
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In fact, though, medical therapy has been demonstrated to 
significantly decrease stone recurrence rates; given the high 
recurrence rates associated with stone disease, such preven- 
tive efforts are cost-effective as well.’ 

Kidney stone pathogenesis is often a multi-factorial pro- 
cess. However, in the majority of stone formers, a thorough 
metabolic evaluation will identify factors that can be modi- 
fied in order to reduce the risk for recurrent stone forma- 
tion.!3°°-"' Herein, we will review the laboratory studies that 
comprise a metabolic evaluation. 


31.2 Blood Tests 


All stone formers, including first-time uncomplicated stone 
formers, should undergo blood screening tests as part of their 
general diagnostic evaluation (Table 31.1). Blood testing 
should include serum electrolyte, calcium, and uric acid 
measurements. Patients should also undergo an assessment 
of renal function with the measurement of serum creatinine. 
Such tests are associated with a low cost, and are useful in 
the screening for certain metabolic abnormalities that may 
predispose to recurrent stone formation. 

Hypercalcemic states, such as primary hyperparathyroid- 
ism, may be diagnosed by serum studies. If serum calcium 
is elevated, an intact serum parathyroid hormone level 
should be obtained, as well as serum phosphorous, to deter- 
mine whether the patient has primary hyperparathyroidism. 
In patients with primary hyperparathyroidism, the intact 
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Table 31.1 Blood tests 


All stone formers 


Sodium 

Potassium 

Chloride 

Carbon dioxide 

Blood urea nitrogen 

Creatinine 

Calcium 

Uric acid 

Special circumstances 

If calcium elevated: 
Intact serum parathyroid hormone level 
Phosphorous 

If albumin abnormal: 
Ionized calcium 

If primary hyperoxaluria suspected: 
Oxalate level 

If sarcoidosis suspected: 
Angiotensin-converting enzyme (ACE) 


Calcitriol 


parathyroid hormone level is usually elevated and phospho- 
rous depressed. If serum albumin is abnormal, ionized cal- 
cium may be measured as well, which can increase the 
likelihood of detecting the disease. In some cases, though, 
hypercalcemia due to hyperparathyroidism may be intermit- 
tent; as a result, it is sometimes necessary to repeatedly 
measure serum calcium levels over time. Alternatively, the 
administration of a short course of thiazide-type diuretic can 
“unmask” occult cases as the patients will often become 
hypercalcemic on such therapy. 

Renal tubular acidosis, a spectrum of clinical syndromes 
of metabolic acidosis that result from defects in renal tubular 
hydrogen ion secretion and urinary acidification, may also be 
suggested by serum studies. Distal renal tubular acidosis, 
which is generally associated with calcium phosphate stone 
formation, may be suggested by hypokalemia and low car- 
bon dioxide levels. 

Patients suffering from gouty diathesis may form renal 
calculi composed of uric acid. Such patients often manifest 
their disorder of uric acid metabolism with the symptoms of 
gouty arthritis. In general, uric acid levels in such patients 
are elevated; hyperuricemia can be diagnosed on the basis of 
serum testing. 

Other blood tests are less commonly performed, although 
there are certain situations that may make their measurement 
appropriate. Patients suffering from primary hyperoxaluria will 
reveal elevated serum oxalate levels. Hypervitaminosis D can 
have a causative role for urinary calculi, and may be diagnosed 
by evaluating serum vitamin D levels. Measurement of serum 


angiotensin-converting enzyme (ACE) may provide supportive 
evidence of sarcoidosis, a disease associated with hypercalce- 
mia and urinary calculi. The mechanism of hypercalcemia in 
sarcoidosis may be related to elevated circulating levels of cal- 
citriol, which induces gastrointestinal absorption of calcium as 
well as bone resorption; in such patients one would expect 
blood tests to demonstrate elevated serum calcitriol. 


31.3 Urine Tests 


All patients should undergo a simple urinalysis, a modest 
study that can be very informative (Table 31.2). The specific 
gravity of urine can reveal the general state of hydration of a 
patient, an important parameter in the evaluation of stone 
formers. Urine pH can be revealing. A persistently elevated 
urinary pH (greater than 7.0) can be associated with distal 
renal tubular acidosis or the presence of urease-producing 
bacteria. The latter may be particularly likely with the 


Table 31.2 Urinary tests 


All stone formers 
Simple urinalysis: 


Specific gravity, urine pH, nitrites, leukocyte esterase, and 
bacteria 


Urine sediment: 
Crystals (hexagonal, rectangular “coffin-lid,’ tetrahedral “envelope”’) 
Urine culture 
More extensive evaluation 
Two 24-h urine collection 
Stone risk factors: 
Volume, calcium 


Oxalate: If primary hyperoxaluria suspected — glyoxalate and 
glycerate 


Citrate, urinary pH, uric acid 


Urinary supersaturation: calcium oxalate, calcium phosphate, uric 
acid 


Dietary risk factors: 


Sodium, potassium, magnesium, phosphorous, sulfate, urea 
nitrogen 


Marker for completeness of collection: 
Creatinine 
Normalized values: 
Calcium per kilogram 
Calcium per gram of creatinine 
Loading studies (rarely indicated): 


Fasting, calcium loading, and calcium restriction metabolic 
studies 


Ammonium chloride loading test 
Purine loading test 


One 24-h urine collection 4—6 weeks post-intervention 
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concomitant presence of nitrites, leukocyte esterase, and 
bacteria. If the pH is persistently low (less than 5.5), the 
patient may be at risk for the formation of uric acid calculi. 

The urine sediment should be analyzed with a microscopic 
examination. In some cases, crystals identified by microscopy 
can predict the composition of stones formed by the patient. 
The presence of hexagonal crystals is pathognomonic for cysti- 
nuria.’ Rectangular “coffin-lid” crystals are commonly encoun- 
tered in patients with struvite calculi. Calcium oxalate stone 
formers may demonstrate tetrahedral “envelope” crystals. 

In addition to the previously described evaluations, a urine 
culture should also be obtained. Should urine culture demon- 
strate the presence of a urea-splitting organism, such as Proteus, 
Pseudomonas, or Klebsiella, a struvite calculus may be pres- 
ent. In addition, patients with a positive urine culture should be 
treated with appropriate antibiotic therapy prior to any surgical 
procedure for the removal of a stone. The surgical treatment of 
a stone in the presence of active, untreated infection confers on 
the patient a great risk for infection-related complications. 

There are certain patients who should undergo a more 
extensive evaluation than the aforementioned urinalysis 
(Table 31.3). Recurrent stone formers are one group that will 
likely benefit from a more extensive evaluation. Recurrence of 
stone formation suggests that either persistent or severe meta- 
bolic abnormalities may be present. However, select first-time 
stone formers should also undergo a more extensive evalua- 
tion. Such patients include those who have a solitary kidney or 
renal insufficiency, where further stone events could have a 
profound impact on the patient’s health. Another group is 
those patients harboring residual stones, especially when the 
burden is large or high volume. Other patients who may be at 
higher risk for a subsequent stone event, such as those with 
intestinal disease or chronic diarrhea, those with pathologic 
skeletal fractures or osteoporosis, and those with gout, should 


Table 31.3 Indications for more extensive evaluation 


Recurrent stone formers 
Select first-time stone formers 
Solitary kidney 
Renal insufficiency 
Patients harboring residual stones 
Patients at high risk for recurrence 
Intestinal disease 
Chronic diarrhea 
Pathologic skeletal fractures 
Osteoporosis 
Gout 
Cystine stones 
Uric acid stones 
Struvite 
All children 


also be considered for a more extensive metabolic evaluation. 
Similarly, patients with stones composed of cystine, uric acid, 
or struvite may be at greater risk of recurrence and may benefit 
from an extensive evaluation. All children should undergo a 
complete investigation as the pediatric stone former has an 
increased risk of an underlying metabolic disturbance.'*° 

For those patients undergoing a comprehensive metabolic 
evaluation, the cornerstone of such a study is the 24-h urine 
collection test. There is some controversy as to whether a sin- 
gle 24-h urine collection is sufficient for diagnosing metabolic 
abnormalities, or if two 24-h urine collections are required. 
Pak and associates have suggested that a single 24-h urine col- 
lection is adequate for the diagnosis of metabolic disturbances 
that may predispose to stone formation." In their study of this 
matter, they found that the reproducibility of stone risk factors 
was adequate in repeated samples. However, Parks and asso- 
ciates reported that, in a comparison of two separate 24-h 
urine collections, there were significant disparities from one 
collection to the other." In fact, within nearly 70% of the com- 
parisons, the differences were great enough that clinical care 
may have been altered. As no clear consensus exists, it may be 
most prudent to proceed with two 24-h urine collections so as 
to maximize the utility of the investigation. When the results 
of the 24-h urine collections mandate an intervention, a post- 
intervention urine collection should be obtained 4-6 weeks 
following to ensure that the desired effect has occurred. 

In general, minimal preparation is required prior to per- 
forming 24-h urine collections. The urine collections should 
be performed on an outpatient basis; if occurring after a uro- 
logic intervention, generally at least 1 month should elapse 
between intervention and collection to ensure that the patient 
has returned to their normal lifestyle and diet.? A urinary 
tract infection should be eradicated prior to the collection, to 
prevent bacterial citrate degradation (causing a pseudohy- 
pocitraturia) as well as bacteria-induced elevated urine pH. 
Some have suggested that patients cease consuming items 
such as antacids, diuretics, thiazides, H2 blockers, allopurinol, 
vitamin C/D, calcium, and magnesium supplements as they 
may interfere with the results of the collection.'’ However, 
such instructions may be problematic as some patients’ 
health status may be dependent on these medications. If there 
is a strong suspicion that a medication is inducing a specific 
abnormality, a more focused collection may be performed. 


31.4 Stone Risk Factors 


31.4.1 Volume 


The finding of a low urine volume is one of the most com- 
mon abnormalities detected on a 24-h urine metabolic evalu- 
ation. Although a low urine volume may strictly be defined 
as a volume less than 1 L/day, one may consider that for 
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stone formers a volume less than 2 L/day is inadequate.'° 
Although this abnormality is generally a consequence of a 
low dietary fluid intake, a low urine volume may also be 
encountered in patients who have large volume fluid losses 
by other mechanisms, such as chronic diarrheal states. A low 
urine volume may be associated with hypocitraturia, another 
factor that can increase the risk of stone formation. 


31.4.2 Calcium 


Elevated levels of calcium excretion, defined as greater than 
200 mg in women and 250 mg in men over a 24-h period, in 
a patient with normal serum calcium, may be considered 
idiopathic hypercalciuria. Alternative methods to quantify 
calcium excretion would be indexing to creatinine, in which 
case less than 140 mg/g creatinine is considered to be nor- 
mal, or indexing to body weight, in which case less than 
4 mg/kg for either sex would be considered to be normal. 
Patients with idiopathic hypercalciuria excrete more cal- 
cium in their urine than is considered to be normal. In some 
cases, idiopathic hypercalciuria may be due to an absorptive 
phenomenon. The patients absorb and excrete an elevated 
fraction of dietary calcium. In other cases, idiopathic hyper- 
calciuria may be due to reduced renal tubular calcium reab- 
sorption. Resorptive hypercalciuria is a manifestation of 
hyperparathyroidism, and causes increased urinary calcium 
through a process of increased intestinal absorption of cal- 
cium, increased resorption of bone, and increased renal syn- 
thesis of 1,25(OH), vitamin D. 

Rarely, urine calcium may be elevated as a consequence of 
other, less common medical conditions.’ Certain malignancies 
may alter calcium balance and lead to hypercalciuria, such as 
multiple myeloma, lymphoma, leukemia, and other metastatic 
disease processes. Sarcoidosis, Paget’s disease, hyperthyroid- 
ism, vitamin D intoxication, and milk-alkali syndrome, too, 
can give rise to increased urinary calcium levels. 


31.4.3 Oxalate 


Urinary oxalate excretion should be less than 40 mg/day; val- 
ues greater than this amount are abnormal. In the majority of 
cases, the etiology of hyperoxaluria is idiopathic, and the 
central treatment point is dietary modification. Enteric hyper- 
oxaluria should be suspected in patients with hyperoxaluria 
and small bowel pathology. Enteric hyperoxaluria may be 
associated with other physiologic disorders, such as low urine 
volume, low urine citrate, and low urine magnesium, which 
may also promote stone formation. When urinary oxalate is 
above 100 mg/day, a diagnosis of primary hyperoxaluria 


should be in the patient’s differential diagnosis. If primary 
hyperoxaluria is suspected, the urine should also be tested for 
glyoxalate and glycerate."” 


31.4.4 Citrate 


Urine citrate excretion should be greater than 450 mg/day in 
men and greater than 550 mg/day in women. Citrate inhibits 
stone formation by forming soluble complexes with calcium, 
which inhibit crystal nucleation and growth.*'* Hypocitraturia 
is present in more than 30% of stone patients; in up to 10% 
of cases, it is an isolated finding, whereas in 50% of cases it 
is one of multiple abnormalities present.’ The etiology of 
hypocitraturia is variable. Most commonly, though, hypoci- 
traturia is a result of idiopathic conditions, although other 
states, such as distal renal tubular acidosis, chronic diarrhea, 
urinary tract infection, and thiazide medication, can also 
induce hypocitraturia. 


31.4.5 Urinary pH 


The 24-h urine pH may affect stone formation, serving as an 
inhibiter in some cases, and a promoter in others. In general, 
urine pH should be between 5.8 and 6.2. Uric acid calculi 
can form when the urine pH is below the pKa of uric acid, 
which is 5.75. Urinary pH may be increased via pharmaco- 
logic intervention with alkali therapy, such as potassium 
citrate to reduce this likelihood. The crystallization process 
of cystine, too, is pH dependent; the pKa of cystine is 8.3. If 
urine pH can be increased beyond this value with alkali 
therapy, the likelihood of cystine stone formation will be 
reduced. 

There are some situations, though, where an increased 
urinary pH may promote, rather than inhibit, stone forma- 
tion. Calcium phosphate stones form in a pH-dependent 
manner. Distal renal tubular acidosis, a condition associated 
with calcium phosphate stones, should also be suspected 
when urinary pH is above 6.5. The presence of urea-splitting 
bacterial infection will raise urine pH above 8, and should be 
suspected if such pH measurements are present. 


31.4.6 Uric Acid 


Urinary uric acid greater than 800 mg/day in men and 
750 mg/day in womenis abnormally elevated. Hyperuricosuria 
is encountered in up to 35% of metabolic evaluations, 
although it is often one of multiple abnormalities detected. 
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Interestingly, of patients found to be hyperuricosuric, up to 
20% of these patients will suffer from calcium oxalate 
calculi.” The etiology of hyperuricosuria calcium oxalate 
nephrolithiasis has not been explicitly defined, although it 
may be due to either a heterogeneous nucleation process or a 
consumption of inhibitors, or a combination thereof. 

Certain medical conditions are associated with hyperuri- 
cosuria, including gouty diathesis and Lesch—Nyhan syn- 
drome. Some patients suffering from malignancy, particularly 
those with increased cell death, which can elaborate large 
amounts of purine such as tumor lysis syndrome or myelo- 
proliferative disorders, may develop hyperuricosuria. A diet 
rich in animal protein will also increase the uric acid load 
excreted by the kidney. 


31.4.7 Urinary Supersaturation 


Urinary supersaturation is a measure of the potential of urine to 
form and enlarge a crystal complex that will ultimately become 
a stone. Supersaturation calculations for stone-forming salts — 
such as calcium oxalate, calcium phosphate, and uric acid — are 
reliable predictors of stone formation. The supersaturation 
value for each salt depends on the concentration of dissolved 
salt relative to its solubility, and is calculated using the total 
concentration of urinary sodium, potassium, calcium, magne- 
sium, ammonia, phosphate, sulfate, oxalate, citrate, uric acid, 
pyrophosphate, carbon dioxide, chloride, and pH. 


31.5 Dietary Risk Factors 


31.5.1 Sodium 


Urinary sodium excretion should be less than 150 mg/day. 
Increased levels of urinary sodium will increase urinary calcium 
excretion, and may also blunt the hypocalciuric effects of thiaz- 
ide medications. For every 100 mmol increase in dietary sodium, 
urinary calcium excretion will increase by 25 mg.* Sodium also 
reduces citrate excretion and increases cystine excretion.'° 


31.5.2 Potassium 


Urine potassium levels should be monitored in stone form- 
ers; ideally, urine potassium excretion should be between 20 
and 100 mmol/day. A hypokalemic state, which can promote 
hypocitraturia, may be reflected in urinary potassium levels. 
Certain conditions associated with low urinary potassium 
levels include bowel diseases with chronic diarrhea, diuretic 


usage, or laxative abuse. Importantly, urine potassium levels 
may also be markers of medical therapy. One would expect 
that following potassium citrate prescription, the patient’s 
urine potassium would increase at a level corresponding to 
the dosage of medication; absence of an increase may be a 
marker of noncompliance. Patients prescribed thiazide-type 
medications for hypercalciuria, without supplemental potas- 
sium, may exhibit a decline in urinary potassium levels, 
reflecting a relative hypokalemia. 


31.5.3 Magnesium 


Urine magnesium excretion should be between 30 and 
120 mg/day. Magnesium is a divalent cation, which can com- 
plex with oxalate and reduce its urinary station. Calcium 
oxalate stone formation may thereby be inhibited. 
Supplemental magnesium therapy may also increase urinary 
citrate excretion by decreasing its tubular reabsorption. Urine 
magnesium may be low in conditions associated with poor 
nutritional status, laxative abuse, and certain malabsorption 
syndromes. Up to approximately 7% of patients, undergoing 
metabolic evaluation will demonstrate low magnesium levels 
and it is generally not an isolated finding, most commonly 
associated with low urine citrate and low urine volume. '® 


31.5.4 Creatinine 


Urinary creatinine is a marker that will confirm the accuracy 
and comparability of the urine collection. When comparing 
specimens collected on different days, the creatinine should 
be examined first, to insure the consistency of urine collec- 
tion. Urine creatinine should be between 20-27 mg/kg in 
males and 14—21 mg/kg in females. 


31.5.5 Other 


Increased consumption of protein can be associated with 
subsequent stone formation. Urinary analytes, such as phos- 
phorus, sulfate, and urea, can be indicative of the amount of 
animal protein consumed. 


31.5.6 Loading Studies 


There are a number of loading-type studies that at one point 
were quite commonly utilized, although in modern times are 
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much rarely indicated. Fasting, calcium loading, and calcium 
restriction metabolic studies of hypercalciuric patients were 
previously done to differentiate absorptive versus renal hyper- 
calciuria. However, as the treatment of these disorders is simi- 
lar, and given the cumbersome nature of the test protocols, 
they are seldom performed.'*” At one time the ammonium 
chloride loading test was used to diagnose complete and 
incomplete renal tubular acidosis. Presently, though, renal 
tubular acidosis is generally diagnosed without this test. 
Latent hyperuricosuria can be diagnosed via a purine loading 
test; presently, though, such a test is not commonly utilized.” 


31.6 Conclusions 


Nephrolithiasis is a highly prevalent and increasingly 
common disease; as such, it has great social and economic 
impact on our society. Medical therapy for prevention has 
been shown to be effective to decrease recurrence rate. Yet, 
diagnostic evaluations that would lead to medical therapy are 
not commonly performed. Although such evaluations do 
hold certain subtleties, in general their interpretation is 
straightforward. As reviewed herein, metabolic studies are 
designed to capture certain information that will enhance our 
understanding of the stone former’s pathophysiology so that 
targeted medical therapy may be administered. 
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Crystallization and Other Studies 


Dirk J. Kok 


Abstract Crystallization is a prerequisite for forming a urinary stone. Whether abnormalities in 
the process or location of crystallization are the cause of stone formation is less clear. A kidney 
that performs its task to conserve water will form supersaturated fluid, urine. This occurs in each 
person. The supersaturation provides the driving force for crystal formation. After sufficient 
time crystals will form. From there on things are less obvious. If crystals are found in urine, were 
they formed in the bottle after collection, in the bladder after collection, in the pyelum, or in the 
nephrons? Is stone formation related to crystal formation per se, to massive crystal formation, 
or to crystal formation in the wrong place? What is a normal or wrong place — the nephron, the 
renal tissue, the pelvic space, free in fluid, or fixed to a surface? For all these questions, answer- 
ing them involves assessing how crystallization proceeds under the specific conditions that exist 
at a specific site. The aim of this chapter is to describe these conditions, to review literature data 
in the light of what they tell us about the likelihood and regulation of crystallization at these 
sites, and to give leads for promising further studies on crystallization in the field of urinary 
stone formation. 


32.1 Crystallization: From Solution to Solid transit time may well dictate whether or not crystals form 
inside a nephron. It thus becomes of interest to determine 
where in the nephron supersaturation first occurs, what hap- 
pens to that supersaturation after that point, and what the resi- 
dence time is for distinct nephron compartments. Crystals 
will only form inside the nephron when the residence time 
exceeds the nucleation lag-time.' On the other hand, for 
events that take place in the renal interstitium or at a fixed 
position — for instance, attached to cells — this time limit will 
be less relevant. In addition to all this, the urine is also not 
constant in composition. During the nephron passage as well 
as over time, concentrations of relevant compounds go up and 
down and this influences the crystallization processes. Again, 
for crystallization taking place at a fixed site or closed com- 
partment in the kidney these changes may be different. 

With these points in mind, I will review what literature 
data teaches us about: 


Ultimately, crystals and stones form because somewhere fluid 
became supersaturated with respect to the stone mineral and 
it was energetically favorable to form a solid. In the long term, 
thermodynamics ensure that in any solution where the con- 
centration of a compound exceeds the maximum that can 
remain in solution — its solubility — the supersaturation results 
in the formation of a solid. On a short timescale, however, the 
first step of crystallization, nucleation, will only start when an 
energy barrier is taken. Thus, some degree of supersaturation, 
metastability, can be tolerated for some time before nucle- 
ation starts: nucleation lag-time. For the supersaturation range 
found in urine this lag-time varies from seconds to minutes. 
Urine travels through a nephron in a comparable time frame 
with variations related to the nephron length and the water 
load. Thus, variations in nucleation lag-time and variations in 


e Intratubular crystallization in different nephron segments. 
e Crystallization in the renal interstitium. 
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32.2 Crystallization in the Nephron 


32.2.1 Experimental Studies Related 
to Crystallization in the Nephron 


Whether and how often crystals are formed inside the 
nephron is a subject of debate. Two approaches have been 
used to investigate this question. 

First, an in vitro approach with crystallization studies that 
employ conditions that mirror the fluid composition at the 
different nephron segments and the transit times of the fluid 
through those segments.'* This approach leads to the con- 
clusion that in the proximal tubule calcium salt precipitation 
will only occur at levels of oxalate that are very high for that 
segment and that correspond to serum values of well over 
10 umol per ml. Such values are encountered regularly in 
extreme cases of hyperoxaluria but also possibly after inges- 
tion of an acute oxalate load.* Cells in a proximal tubule 
should usually not encounter crystals. This concurs with the 
finding from cell-culture studies that proximal tubule cells, 
LLC-PK1, bind calcium oxalate crystals and are damaged by 
them; two reactions that do not ensure safe passage of crys- 
tals.°’ A massive load of oxalate from the glomerular filtrate 
causes large-scale proximal tubule deposition of calcium 
oxalate crystals in in vivo models.* 

One segment downstream, in the loop of Henle, the situ- 
ation is completely different. In the loop of Henle, the con- 
centrating process takes a large step. As a by-product of the 
loop’s action, the intratubular pH increases up to 7.4. This 
causes a strong drive to precipitate calcium phosphates. In 
in vitro experiments, this occurs in an amorphous form and 
as hydroxyapatite.'°* Also other compounds of which the 
solubility is pH sensitive may precipitate like the human 
immunodeficiency virus (HIV) medication indinavir that is 
known to have indinavir stone formation as a side effect." 
This drive will exist in each loop that is just doing its work 
efficiently, also in someone who does not form stones. 
Although it is never sure that such in vitro experiments truly 
mimic what happens in the real nephron, they do pose the 
advantage that the conditions employed can be manipulated 
easily. Doing so, it becomes clear that the drive to form cal- 
cium phosphate crystals in the loop of Henle increases when 
the local calcium concentration increases. This would hap- 
pen when the glomerular filtered load of calcium increases 
due to chronic hypercalcemia; for example, in hyperpara- 
thyroidism, or during transient slight hypercalcemia; for 
example, after a systemic acid load like a high protein meal. 
The drive also increases when the citrate concentration 
decreases, another effect of a high animal protein meal. Such 
changes will speed up the nucleation processes in the loops 
where they already occur under the “normal” conditions. 


They also will induce nucleation earlier in the descending 
limb of the longest loops, but also in shorter loops that are 
less efficient in concentrating fluid and where the rise in pH 
is smaller. Since there are four to five times as many short 
loops as long loops, the total drive to form crystals for the 
whole kidney increases exponentially.'' This could explain 
the massive crystalluria that is encountered in patients with 
hyperparathyroidism. 

Beyond the loop of Henle, in the distal tubule and collect- 
ing ducts, the conditions become favorable for the formation 
of calcium oxalates. Formation of calcium oxalates may 
occur for instance at high oxalate conditions that exist chron- 
ically in primary hyperoxaluria and transiently after con- 
sumption of high oxalate content food, like a load of dark 
chocolate. In addition, the formation of calcium oxalate may 
be enhanced by what is called heterogeneous nucleation. The 
fluid that enters the distal tubule may contain calcium phos- 
phate nuclei that were formed in the loop of Henle. As the 
pH drops from above 7 at the tip of the loop of Henle to a low 
6 value in the distal tubule, these nuclei start to dissolve. In 
vitro the presence of these dissolving calcium phosphate 
nuclei was found to decrease the energy barrier for nucle- 
ation of calcium oxalate and to induce calcium oxalate for- 
mation at supersaturation levels that do not support 
homogeneous nucleation. *!>! Thus, factors that regulate cal- 
cium phosphate formation and dissolution may also direct 
the formation of calcium oxalate crystals and should be con- 
sidered as risk factors for forming calcium oxalate stones. 
However, this relation is not one on one. In animal models, 
calcium oxalate can precipitate without involvement of cal- 
cium phosphate.’ The results from crystallization experi- 
ments correspond to those from crystal-cell interaction 
studies. Whereas the crystallization studies implicate that the 
presence of crystals in the lumen of distal tubules and col- 
lecting ducts may be a normal event, cells with an origin 
from these segments, Madin Darby Canine Kidney (MDCK), 
are well prepared to such a presence. When these cells are 
fully functional, they resist binding of calcium crystals® and 
seem unharmed by their presence. When such cells are not 
fully functional, they bind calcium salt crystals and are fur- 
ther damaged by such crystals. 

An interesting feature of crystallization in the nephron is 
that many of the proteins that are present in urine and that are 
known to have strong effects on all parts of the crystalliza- 
tion process’ first enter the fluid there. This has several con- 
sequences. When studies are performed to investigate how 
tubule cells react to the presence of crystals, by producing a 
specific protein like osteopontin (OPN) for example, it must 
be remembered that the crystals that can be expected at those 
sites most likely will be small and at best a few minutes in 
existence. For calcium oxalate, for instance, this raises the 
possibility that part of the material is still in the calcium 
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oxalate trihydrate form." For studies on the effect of these 
proteins on the crystallization process, the experiments 
should employ the conditions (concentrations and experi- 
mental time) that exist inside the nephron. In general, this 
will mean that the protein concentration will be much lower 
than its value for the final urine. 


32.2.2 In Vivo Data on Crystallization 
in the Nephron 


The second test of whether crystals are formed inside the 
nephrons is to look directly at these nephrons. This has been 
done using tissue from animal experiments, with the advan- 
tage of possible manipulation of the renal conditions, and 
with human material, both postmortem studies and biopsies 
obtained during surgery. 

Intratubular crystals are found in rat models of severe 
hyperoxaluria, in all nephron segments up to the proximal 
tubule as free crystals, attached to the tubule cells, and block- 
ing the tubule by sheer size.*'®'’ That calcium oxalate crys- 
tals can form under severe hyperoxaluric conditions in the 
proximal tubule already fits with the crystallization experi- 
ments described previously. When the same animals that 
have a urine calcium concentration of 1—2 mM, which would 
be considered low in humans, receive a moderate oxaluric 
diet, the urine is still supersaturated with respect to calciu- 
moxalate but no intratubular crystals are found.'* Translating 
this to the human situation, where calcium concentration of 
the urine usually is 1.5—2 times higher, the formation of cal- 
cium oxalate crystals inside the distal parts of the nephron 
thus is a likely event at high urine oxalate concentrations, a 
possible event at moderately elevated oxalate concentrations, 
and an unlikely event with normal calcium and oxalate con- 
centrations — although the urine is still supersaturated with 
respect to calcium oxalate under those conditions. In so- 
called idiopathic stone formers, the formation of calcium 
phosphate in the tubules is expected to predominate. Increases 
in the filtered load and decreases in the reabsorption of cal- 
cium, in response to a dietary load for instance, will further 
increase the drive to form calcium phosphates more than it 
will increase the drive to form calcium oxalates. This con- 
curs with the findings in hypercalciuric rat models.'? An 
interesting aspect here is the possible role of other urine 
compounds on the calcium phosphate — calcium oxalate 
crystallization sequence. Osteopontin (OPN) and Tamm 
Horsfall protein (THP) are two urine proteins that in various 
in vitro crystallization studies proved to affect calcium 
oxalate and calcium phosphate crystallization in various 
152022? Genetic removal of these crystallization 
inhibitors in mice results in the formation of interstitial 


manners. 


calcium phosphate deposits in 10% of the OPN mice, 14.3% 
of the THP mice, and 39.3% of the OPN/THP mice, while 
the wild type mice did not show such deposits.” The increased 
propensity to produce calcium phosphate made the OPN/ 
THP mice vulnerable to increases in oxalate consumption. A 
hyperoxaluric diet that did not induce calcium oxalate crys- 
tallization in wild-type mice caused widespread intratubular 
calcium oxalate crystallization and stone formation in the 
double-null mice. The urine from all three mutant mice 
strains in addition showed a significant loss in the ability to 
inhibit adhesion of calcium oxalate to renal cell cultures 
in vitro. 

Data obtained from studies on human renal materials con- 
firm the above. 

Under acute and chronic hyperoxaluria, calcium oxalate 
crystals are found both intratubular and interstitial and up to 
the proximal tubule.” The studies of large series of postmor- 
tem obtained kidneys reveal that intratubular crystals are 
found in kidneys of both stone formers and non-stone form- 
ers.” Despite the fact that the staining techniques used may 
result in remarkable loss of crystals from the tissue, a later 
study with whole kidneys showed intratubular crystals in 
32-500 kidney specimens.” The lower limit of detection was 
0.2 um. More recent studies that investigated renal biopsies 
show that intratubular crystals are present under conditions 
of abnormal urine composition.” In four intestinal bypass 
patients who formed stones, intratubular crystals were pres- 
ent as aggregates blocking the collecting ducts and as crys- 
talline overlays of tubule cells. The latter sites also show 
presence of hyaluronan,” which indicates that cell damage 
repair and possibly adherence of crystals to that hyaluronan”® 
may have taken place. The crystal material was calcium 
oxalates plus calcium apatite. However, in contrast to the 
studies on cadaver kidneys, no intratubular crystals were 
found under the normo-oxaluric conditions in four non-stone 
formers and in “idiopathic” stone formers.” An explanation 
for this seeming discrepancy is that intratubular crystals are 
passed out of the nephron during normal transit as long as 
they are allowed to move freely. Large structures like the 
aggregates that form in the intestinal bypass patients thus get 
stuck while the smaller particles are not hindered by their 
size but maybe only by adherence to (damaged) tubule cells. 
In an animal model where transient hyperoxaluria was 
induced in rats by injection, intratubular crystals were seen 
immediately after the injection but were washed out within 1 
h.” When a period of prolonged dietary-induced hyperox- 
aluria was followed by a low-oxalate diet, all free intratubu- 
lar crystals were washed out within | day while attached 
crystals were removed by other means (see next section). In 
light of this data, it is well possible that the period of fasting 
(usually 12 h) in combination with sufficient hydration that 
is standardly applied before surgery is a good method to 
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remove intratubular crystals. Next to reduction of the super- 
saturation, a beneficial effect of increased hydration that is 
shown to effectively reduce stone formation*’ could thus be 
washing out crystals from the tubules. 


32.2.3 Data from Crystallization Experiments 
Related to Intratubular Events 


There have been numerous studies where the effect of urine 
and urine compounds on different aspects from the crystal- 
lization process — supersaturation, nucleation, crystal 
growth, and crystal aggregation — have been studied. Results 
related to supersaturation and nucleation may help to under- 
stand where crystals are formed in the urinary tract. Data on 
crystal growth and crystal aggregation bear relevance to 
crystal—cell interactions and to the possibility that crystals 
are retained by their sheer size. From the latter two, aggre- 
gation may be the more relevant one. As said before, when 
particles are found in renal tissue they tend to be in the 
aggregate form,*' and this role of aggregates is found not 
only with calcium salt crystals but also with cystine crys- 
tals.” Furthermore, microscopic examination of a urinary 
stone reveals that it consists of multiple microcrystallites 
that have, together with organic material, combined into 
one large structure.’ From theoretical models it was con- 
cluded that crystals that are formed inside the tubules can- 
not grow fast enough to become “too large” during normal 
kidney transit times of urine.'’*? However, through aggre- 
gation of the small individual crystals the size may approach 
the limit of what can be passed within normal transit times. 
The most likely nephron segment for aggregation to play a 
role will be the collecting ducts where crystals from multi- 
ple nephrons meet. Thus, the data from crystallization stud- 
ies should be related to the conditions that exist in collecting 
ducts. 

Many investigators have investigated how individual 
urine compounds and complete urine affect crystal aggrega- 
tion. Urine studies have shown that urine from a non-stone 
former very efficiently inhibits calcium oxalate crystal 
agglomeration.**** This ability is diminished or even lost in 
calcium oxalate stone formers and the extent of this loss is 
even directly related to the stone frequency.” Which part of 
the urine composition is responsible for this agglomeration 
inhibition has partly been answered. High molecular weight 
(MW) molecules with multiple calcium binding sites in 
cooperation with small molecules, especially like citrate, 
appear to be responsible.*° The decrease in agglomeration 
inhibition in stone formers can partly be attributed to a 
decrease of citrate content of their urine.” However, 
changes in the action of the high MW compounds also play 


arole that still has not been revealed completely. A molecule 
or a molecular aggregate that contains multiple sites with 
affinity for calcium ions is very efficient in binding to the 
surface of a calcium oxalate crystal where calcium ions are 
available. Thus, they can both strongly influence nucleation 
and crystal agglomeration.”***"* In this process, they will 
bind preferentially to that crystal face that provides the best 
structural match of available calcium ions for its binding 
sites.” However, when these structures become large enough 
to bridge from one crystal surface to another they may 
reverse their action to stimulation of agglomeration. 
Compounds like THP may cross this fine line due to changed 
urine composition, low pH, low citrate, high calcium, high 
ionic strength, and due to intrinsic changes.” Exactly how 
crystal aggregation is regulated in the kidney is still not com- 
pletely known and further research into this matter will be 
useful. 

The question is how this type of research could benefit the 
actual stone former. One way is to use the effect of urine on 
agglomeration as a marker for the hard end point to allow 
early assessment of the efficacy of a specific treatment. The 
marker inhibition of crystal agglomeration correlates well 
with the positive effect of citrate therapy”? and with the 
negative effect of animal protein consumption.*’ 

Another question is how you could manipulate the ability 
of urine to inhibit crystal agglomeration. As mentioned 
before, one way is by increasing the urine citrate content. 
The approach to increase high MW agglomeration inhibitors 
in the urine is more of a challenge. Most will not pass the 
glomerular filtration step. It has, however, proven possible to 
supply animals with polyanions that can have an agglomera- 
tion inhibitory effect.“ This promising approach awaits fur- 
ther assessment of its effects on the crystallization process in 
the urine and the translation to patients. 

Data from crystallization experiments also help to under- 
stand crystal-cell interactions. Crystals present in the urine 
contain organic molecules both on their surface, for instance 
THP, and inside the crystal matrix. The latter, termed crystal 
matrix protein, contains among others OPN and prothrombin 
fragment 1 (PTF1). When crystals are produced freshly in vitro 
in urine, there also appears to be specificity of proteins toward 
crystal types. OPN was found in COD but not in calcium 
oxalate monohydrate (COM) crystals, while PTF1 was found 
in calcium oxalate dihydrate (COD), at a lesser degree than 
OPN, but also in COM. Since OPN has been shown to have 
affinity for COM,” an explanation may be that OPN is so 
effective in preventing COM nucleation that instead COD is 
formed. What role preferential formation of COD over COM 
might play for stone formation is as of yet unclear. 

A next question that can be investigated in crystalliza- 
tion studies is what characteristics determine the effect of a 
compound on crystallization. For OPN, the aspartic and 
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glutamic acid residues and phosphate groups appear to 
determine the affinity of OPN for the COM crystal {100} 
surface.” When the structure of PTFI was modified 
in vitro by removing sialic acid residues and glycolic moi- 
eties, PTF1 became less effective in inhibiting crystal 
aggregation and promoting COM nucleation. The changes 
did not (glycosylic moieties) or only slightly (sialic acid) 
reduce the capacity to inhibit crystal growth. Furthermore, 
when trying to distinguish stone formers from non-stone 
forming persons on the basis of urine chemistry, a set of 
proteins including PTF1 showed the best result.“ These 
findings subscribe the results from studies with urine where 
the inhibition of crystal aggregation was related to its citrate 
content,***’“° but through a cooperation of citrate with high 
MW compounds,“ while inhibition of crystal growth 
appeared to be a feature that can be exerted by many urine 
compounds. An explanation for this may be that inhibition 
of crystal growth is something that can be accomplished by 
any compound that contains groups with an affinity for cal- 
cium ions. Such groups include carboxylic acid, phosphate, 
and sulfate, and can be assisted by nearby hydroxyl and 
amino groups.” Small compounds may bind with equal 
affinity to available calcium ions at any crystal surface. 
Although they may concentrate on growth sites where most 
calcium ions will be available, they will also bind to other 
surfaces. In contrast, larger compounds with multiple cal- 
cium binding sites will show a preference for crystal sites 
where calcium ions are available for binding by more than 
one of those calcium binding groups. This means that there 
not only should be more calcium ions available, but also 
spaced in a way that fits the calcium binding groups of the 
inhibitor. These compounds will show a preference for the 
fastest growing faces and growth sites. Because of this 
selective adsorption to the sites where crystal growth is 
regulated, this automatically means that they will retard 
crystal growth at much lower concentrations. OPN, for 
instance, has been shown to possess this selective behav- 
ior.’ The peculiar COM crystal shapes found in crystalluria 
may be a direct consequence of such face-specific adsorp- 
tion. When the concentration of such compounds is 
increased to even higher levels, COM will no longer form 
and COD, with different surface characteristics, is formed.** 
Similar actions have been described for urine proteins like 
urinary trefoil factor I.* However, in urine there occurs an 
overload of compounds that can inhibit COM crystal growth 
from small compounds like citrate magnesium and phytate 
to many of the proteins that are normally present.!°*” In 
urine, the proteins present inhibit the growth of calcium 
oxalate at the lowest concentrations and are probably the 
compounds responsible for most of the crystal growth inhi- 
bition by urine. However, when all proteins are removed, 
the inhibition of COM crystal growth does not decrease 


significantly. The role of the proteins is replaced by smaller 
compounds that were not removed by the filtration 
process.* 

The importance of proteins inside the crystals may reside 
in the fact that they can be degraded in vitro by proteinase 
activity and that they decrease the solidity of the particle.** 
The inclusion of these proteins may be more than random 
and provide the organism with the means to locate and 
remove calcium oxalate crystals when they appear at 
unwanted places. The proteins involved are all formed at the 
level of the loop of Henle and beyond. This mechanism may 
thus not protect the kidney against crystals that are formed 
and retained in the proximal tubule. 


32.3 Crystallization in the Interstitium 


In the hyperoxaluric animal models, as well as in the human 
samples of hyperoxaluria,'* calcium oxalate crystals are also 
found in the interstitium. These interstitial crystals appear to 
start as intratubular crystals that attach to the tubular cells 
and are subsequently overgrown by tubular epithelium. In 
the animal models, when the hyperoxaluric diet was stopped 
and followed by a diet that induces slight hyperoxaluria, the 
intratubular crystals were washed out, but the interstitial 
crystals remained present or even grew in size. When this 
approach is continued, the animals eventually form stones. 
When a follow-up diet that gives a low urine oxalate concen- 
tration was provided, not only were the intratubular crystals 
washed out within 2 days but also all interstitial crystals dis- 
appeared.'* This data raises some interesting questions that 
relate to the crystallization aspects involved. First, although 
there is no free exchange between tubular fluid and intersti- 
tial fluid, the composition of the latter apparently does 
respond to the composition of the intratubular fluid. Second, 
the conditions in the interstitium are such that they do not 
allow nucleation of calcium oxalate, otherwise all kidneys 
would be one large stone, and only allow further growth of 
existing crystals when the urine supersaturation is also 
increased. Thus, the interstitial situation will be metastable 
with respect to calcium oxalate/calcium phosphate and/or 
nucleation and the growth of existing crystals is hindered by 
the location or the presence of organic material on the crystal 
surface. These latter effects are not complete since the crys- 
tals do grow when the oxalate concentration is increased. 
A second important aspect is the mechanism for removal of 
calcium oxalate crystals from the interstitium. The intersti- 
tial crystals attract macrophages and/or macrophage precur- 
sor cells that fuse into multinuclear giant cells. The latter 
take up the crystals in specialized vesicles that can be acidi- 
fied and show proteolytic activity. In animal models, this 
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macrophage system can remove interstitial crystals when the 
hyperoxaluric pressure is gone.'7!** 

This raises the question: What attracts these macrophages 
to the crystals? To answer this question, you must first estab- 
lish how the crystals in a stone, in renal tissue, and in crystal- 
luria actually look like. 

Macroscopically, most stones show a pattern of alternat- 
ing layers of mineral and organic matrix. The outer mineral 
layers consist of multiple crystals present in an ordered fash- 
ion. In the center of the stone, the crystals are present as ran- 
dom agglomerates. Microscopically, what at first sight appear 
to be individual crystals in a stone actually themselves are 
aggregates of tiny crystallites, from several nanometers to 
micrometer size“ covered and segregated by protein. This 
structure is revealed when the crystal material from a stone is 
dissolved and the remaining so-called crystal ghosts are 
studied.*”°° Several proteins have been identified in these 
organic layers including OPN (uropontin) and osteocalcin. A 
similar microcrystalline buildup with intracrystalline protein 
has been demonstrated for crystals produced in urine.***! 
The proteins are accessible to proteolytic activity and this 
feature facilitates the degradation of crystals by cultured 
renal cells.” The organic material present in these urine- 
derived crystals, termed crystal matrix protein, has been 
characterized and contains, among others, OPN and PTF1, 
while several proteins like THP that are also found in stones 
are found attached to the outside of the larger crystal 
structures.“ 

A second calcium salt found in the interstitium is calcium 
phosphate and is present as the well-known Randall’s 
plaques. Here the etiology may be different. The plaques 
occur outside the tubular lumen and preferentially in the 
region where the bends in long loops of Henle and the latter 
parts of collecting ducts are present. This crystal material is 
found in stone formers as well as in non-stone formers, 
although more often in the first group. Their presence 
increases continuously with age, in contrast to stone forma- 
tion that has a peak incidence during the active life period. 
Apparently, the formation of these plaques is a long-term 
event that has something to do with the normal kidney func- 
tion, but under special circumstances can lead to or increase 
the risk of stone formation. To study the crystallization 
involved in the formation of these plaques you need to per- 
form experiments that involve fluid compositions and varia- 
tions thereof as they exist in the interstitium of the papillary 
tip, possibly are performed in a confined volume,® allow for 
decreasing calcium and phosphate concentrations locally 
due to consumption in the crystallization process when 
exchange of ions is not free, and examine heterogeneous 
nucleation and the influence of surfaces that can act as a 
nucleator or otherwise an inhibitor of growth. 


32.4 Stone Attached to the 
Papillary Surface 


Finally, in all the previous scenarios the total size of the crys- 
tal deposit will still be small. To reach the size of the stones 
that actually cause the colic pain, the main reason why you 
would want to remove the stone, crystallization processes of 
other dimensions must take place. The time frame moves 
from minutes, hours, and days to days, months, and years. 
The amount of material involved increases greatly. Variations 
in fluid flow and composition have a different meaning for 
material that resides fixed to the papillary epithelium or in a 
dead end of the pelvic collection area. Furthermore, from the 
buildup of stones, alternating layers of crystals and organic 
material, it may well be concluded that the crystal material of 
a growing stone is not, or not fully, exposed to the urine fluid. 
If so, the crystallization processes that increase the size of a 
stone may take place in confined spaced. It has been sug- 
gested that this may be some gel-like environment and sev- 
eral techniques have been devised to study crystallization 
under such conditions.*”°* For crystallization in a gel, smaller 
compounds may play a larger role as they can more freely 
move through the space. Phytate, for instance, strongly 
retards the formation of stones in the stone farm technique.” 
If this type of research leads to understanding of how a stone 
actually grows and to ways of interfering with that growth, 
this might allow patients to keep stones at a size that do not 
cause symptoms. 


32.5 Conclusions 


This chapter has described the information that crystalliza- 
tion studies have produced with respect to understanding 
urinary stone formation. Many questions remain unan- 
swered. Further crystallization studies are needed to answer 
these questions. When performing such experiments, it is 
important to apply test conditions that resemble the natural 
conditions; which conditions those are will depend on the 
specific aspect of urinary stone formation that you would 
want to explore. In Fig. 32.1 showing a nephron in a papilla, 
seven sites are described plus the specific aspects of crystal- 
lization that may occur there and may be relevant to stone 
formation. Examples for experimental conditions that 
resemble those sites can be found, for instance, in a review 
by Kok.! 


Acknowledgments DJ Kok Jr. is gracefully thanked for producing the 
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Fig. 32.1 (1) Possible sites of crystallization in the kidney. 
Crystallization in the proximal tubule. Under normal situations, the 
solution composition in the proximal tubule should not allow crystal 
nucleation to occur during the transit time of the fluid. A likely charac- 
teristic of the abnormal situation thus will be rapid nucleation driven by 
extreme SS. Examples are animal and human cases of hyperoxalaemia. 
(2) Crystallization in the long loop of Henle. The conditions in the loop 
of Henle are clearly distinct from the rest of the kidney. In the longest 
loops, the concentration of lithogenic compounds approaches (oxalate) 
or may supersede (calcium) the final concentrations in the urine. 
Furthermore, the pH is always high. The normal situation here may well 
be inevitable nucleation, especially of pH sensitive minerals like cal- 
cium phosphates and indinavir.” The question here will be how the 
kidney can handle such crystal formation. (3) Crystallization in the dis- 
tal tubule. (4) Crystal—cell interaction in the distal tubule and beyond. In 
the distal tubule, the presence of (remnants of) crystals originating from 
the loop of Henle may be a normal situation. Cells are prepared as they 
show anti-adherence capability. Heterogeneous nucleation may occur 
here. (5) Interstitial crystal handling. The presence of crystalline cal- 
cium phosphate around the loop of Henle is relatively common (75% of 
stone formers and up to 43% of non-stone formers)?” and does not 
seem to evoke a cellular response. In contrast, interstitial presence of 
calcium oxalate crystals induces strong cellular reactions. Calcium 
oxalate crystals that enter the interstitium are readily surrounded by 
giant multinuclear macrophages and dissolved over time. These cells 
and/or their precursors must somehow sense the presence of the crys- 
tals. Proteins attached to or present inside the crystals may be important 
for this recognition and the consequent removal process.'* (6) Crystal 
aggregation in the collecting ducts. A special feature of the collecting 
ducts/ducts of Bellini is the fact that multiple nephrons shed their con- 
tent into one such tubule. Crystalline particles emerging from different 
nephrons have an increased chance of meeting each other and forming 
larger structures inside these still confined structures. The study of 
aggregation will be most relevant under these conditions. (7) Stone 
attached to the papillary surface. Crystal material that is attached to the 
outside of a papilla, for instance starting from a Randall’s plaque where 
the cell surface was eroded or from a precipitate blocking the duct of 
Bellini, may grow as it is continuously exposed to the urine. The char- 
acteristic stone buildup may be governed by these conditions (Illustration 
courtesy of DJ Kok Jr.) 
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Abstract The incidence of stone disease has been rising in recent years and calcium-containing 
stones (calcium oxalate) are the most prevalent stone types of all. In an attempt to mimic the 
stone formation process in humans and to understand the mechanisms involved, a number of 
theoretical, chemical, and animal models have been developed. 

In these experimental models, formation of calcium oxalate deposits in the kidney can be 
demonstrated in a short period of time by enabling the physicians to study the processes 
involved in stone maturation, as well as for examining the role of inhibitors and promoters of 
crystal growth. Although rabbits and dogs have also been used, rats are the most commonly 
used animals for the study of nephrolithiasis. 

An accurate and reliable animal model may allow us to develop newer treatment algorithms 
and medications that may help to better understand the pathogenesis of stone formation and 
direct improved methods of stone prevention. 

There are many similarities between experimental nephrolithiasis-induced rat model and 
human kidney stone formation where oxalate metabolism is considered to be almost identical 
between rats and humans. The accumulated data so far have clearly shown that rat models of 
nephrolithiasis may help us to evaluate the various phases of stone formation including nucle- 
ation, aggregation, and retention of crystals. 

Last but not least, although the pathogenesis of stone formation can be studied in animal 
models, the limitations of these models should always be kept in mind. 


33.1 Introduction newer treatment algorithms and medications that may help to 
better understand the pathogenesis of stone formation and 
search for improved methods of stone prevention were 
among the goals to be achieved by using these models. There 
is no doubt that such experimental models gave a great 
chance to the physicians in providing a significant contribu- 
tion to the study of renal stones. Since a vast majority of 
urinary stones contain calcium oxalate (CaOx) crystals, 
CaOx urolithiasis has been studied in greater detail.*""! 

On the other hand, among the different animal models used, 
the rat is the most frequently used animal in the majority of 
these studies. As spontaneous calcium oxalate urolithiasis is 
very rare in these animals, the experimental induction of hyper- 
oxaluria has been found to be of paramount importance to pro- 
mote CaOx urolithiasis in rats, where the animals are generally 
made hyperoxaluric either by administration of excess oxalate, 
exposure to the toxin ethylene glycol, or various nutritional 


The incidence of stone disease has been rising in recent years 
and calcium-containing stones(calcium oxalate) are the most 
prevalent stone types detected in cases suffering from this 
disease.'’ In an attempt to mimic the stone formation in 
humans and to understand well the mechanisms involved in 
this extraordinary complex process, a number of theoretical, 
chemical, and animal models have been developed.*” Such 
models helped the physician not only to demonstrate the for- 
mation of urinary stones in animal kidneys, but also at the 
same time they enabled an understanding of the different 
aspects of urinary stone disease as well as the possible under- 
lying mechanisms involved. Moreover, development of the 
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manipulations. All of the experimental models did show renal 
injury associated with crystal deposition.?>!=!6 
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Studies have clearly demonstrated that in such models, 
calcium oxalate deposit formation in animal kidneys can be 
demonstrated in a short period of time, with the macroscopic 
presence of renal and ureteral stones. Therefore, experimen- 
tal animal models are ideal to study both the processes 
involved in stone maturation and the role of inhibitors and 
promoters of crystal growth.'*!7~° 


33.2 Induction of Hyperoxaluria 


To evaluate and understand the complex nature of calcium 
oxalate stone disease in humans, excess urinary excretion of 
urinary stone forming risk factors (with or without manipula- 
tion of urinary pH and/or deficient excretion of crystallization 
inhibitors) has been the principal mechanism used to induce 
experimentally crystallization in the urine and formation of 
stones in the kidneys. With this aim, induction of hyperoxalu- 
ria has been well accomplished in different animal models by 
either addition of oxalate or an oxalate precursor (such as 
ethylene glycol, glycolate, and hydroxyproline) to the diet, 
or by intraperitoneally injecting them into the animal used. 
Additionally, hyperoxaluria has also been induced by other 
dietary manipulations including pyridoxine-deficient diets, 
low phosphate diets, and high protein diets. In these experi- 
mental models, ethylene glycol (EG) has generally been used 
either by itself or in combination with ammonium chloride 
(NH4CI, by generating acidic urine pH) or vitamin D3 in an 
attempt to form calcium oxalate crystals in urine and calcium 
oxalate deposits in the kidneys of rats. However, EG, NH4Cl, 
and vitamin D3 each has been found to be nephrotoxic, and at 
high doses these agents may further worsen the general condi- 
tion of the rats. 61820 Use of these compounds has also been 
found to be advantageous not only for economical reasons, but 
also for their practical administration via drinking water where 
CaOx crystal deposition is observed in a short period of time. 

Although EG-induced hyperoxaluria in animal models is 
the most common way of experimental stone formation, this 
method has been criticized for the nephrotoxic nature of EG 
and some of its metabolites as well as the subsequent forma- 
tion of metabolic acidosis. Last but not least, both oxalate 
(Ox) and CaOx crystals have also been found to be injurious 
to renal epithelial cells, making it difficult enough to distin- 
guish the effects of EG and its metabolites from those induced 
by Ox and CaOx crystals. 


33.3 Calcium Oxalate Stone Formation 


Urinary stones form following a complex sequence of events 
for which the oversaturation of the urine with calculogenic 
risk factors, urinary levels of crystallization inhibitors, and 
various urinary promoters of crystal aggregation and growth 


play certain roles in this specific process. Related with this 
subject again, nucleation, crystal growth, aggregation, and 
retention of the concrements within the urinary system are 
the main steps in the pathogenesis of urinary stones. This 
complex sequence of events, however, may be controlled by 
a variety of modulators, which may ultimately promote, 
inhibit, or modify them. In the final phase of urinary stone 
formation, retained crystals within the urinary system will 
evolve into urinary stones — a process that has not yet been 
experimentally examined in detail.” 

In the early process of urinary stone formation, contact of 
the urinary crystals with renal epithelial cells and an eventual 
retention phase have been proposed as critical events where 
cell injury has also been proposed as one of the important 
factors involved in the development of small crystals into 
mature stones. In the present experimental models of urinary 
stone formation, calcium oxalate crystal deposition has often 
been associated with severe kidney dysfunction and renal 
damage. 

Studies have clearly demonstrated that deposition of cal- 
cium oxalate crystals in wide areas of the kidneys is a com- 
mon finding noted shortly after hyperoxaluria induction, and 
this condition has been accepted as indicating an abnormal 
physiological condition. Taking this fact into account, to 
investigate cell injury originating from mild hyperoxaluria 
and crystaluria along with the attachment of the crystals to 
renal epithelial cells, more physiological conditions should 
be searched to mimic the events occurring in the human 
body. It is necessary to establish a suitable model for calcium 
oxalate crystaluria with minimal or no renal damage. 

Lastly, crystal—cell interaction has also been studied in 
in vitro models using calcium oxalate crystals and many 
kinds of kidney cells, which have been grown in cell culture 
models. Crystal—cell interaction during calcium oxalate stone 
formation has been well evaluated in animal models with 
appropriate conditions for hyperoxaluria and calcium oxalate 
crystaluria without concomitant renal damage.”>** 


33.3.1 Crystal Formation in the Kidney 


Much information about how and where the crystals of 
CaOx are formed in the kidneys has been provided by in vivo 
studies using mainly the rat models. Documented cases of 
spontaneous urinary stone formation in rats are rare. 
Although, renal calcium phosphate and/or ammonium mag- 
nesium phosphate stones have been reported, there are no 
reports of spontaneously formed oxalate stones in the rat 
upper urinary tract. Rarely, oxalate stones have been found 
in the bladder. Of 100 male Sprague-Dawley rats in a toxic- 
ity study, only 2 rats were found to have oxalate calculi and 
these were associated with calcium carbonate and calcium 
or ammonium phosphate.**°” 
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Provided that there is no spontaneous production of urinary 
stones by normal rats (especially the calcium oxalate type), 
induction of hyperoxaluria seems to be the initial and essential 
step. This condition could be accepted as similar to humans 
because the presence of hyperoxaluria is regarded as the criti- 
cal factor of idiopathic CaOx urolithiasis in humans too. 

Induction of acute hyperoxaluria or moderate- to high- 
grade chronic hyperoxaluria in male Sprague—Dawley rats 
(a condition somewhat similar to primary hyperoxaluria in 
humans) results in urinary CaOx supersaturation and subse- 
quent deposition of the formed crystals in the proximal seg- 
ments of the renal tubules. On the other hand, however, a 
low-grade chronic hyperoxaluria (a condition probably simi- 
lar to most hyperoxaluric stone formers) results in a deposi- 
tion of crystals in the papillary segments of the renal tubules. 

Crystals are seen in the kidneys up to 7 days after the 
challenge. They are initially seen in the tubular lumen and 
later by day 7 in the interstitium. Calcium oxalate crystals 
deposit first in the papillary collecting ducts. Crystal deposi- 
tion in the kidneys is preceded by calcium oxalate crystallu- 
ria and starts with the retention of aggregated calcium oxalate 
crystals in the renal tubules. Retained crystals move from the 
tubules to the interstitium, and in the process, become 
anchored to the tubular basement membrane. Crystal aggre- 
gates present in the superficial peripheral collecting ducts of 
the renal papillae ulcerate through to the papillary surface 
and grow into the stones. In addition, it has been shown that 
interstitial crystals surrounded by cells are generally involved 
in the inflammatory processes.>*'° 


33.3.2 Animal Models of Stone Formation 


In an attempt to work the pathophysiologic pathways of 
CaOx stone formation occurring in the human body in an 
experimental basis, several animal models have been devel- 
oped and used. As the models are used to imitate the com- 
plex events taking place in the human body, physicians aimed 
to benefit from these models to a considerable extent by 
dividing the whole process into separate segments in an 
attempt to simplify it and reproduce the events whenever 
needed. An additional aim was to validate the hypotheses by 
evaluating the effect and consequences of certain therapeutic 
modalities in these models.* +3 

Taking the fairly complex nature of urinary stone forma- 
tion into account, (which involves urinary oversaturation with 
stone-forming salts, the presence and certain effects of vari- 
ous urinary inhibitors and promoters of crystal aggregation 
and growth) various animal models ranging from rats to dogs 
have been used, including diet-induced urolithiasis, drug- 
induced urolithiasis, and genetically altered animals that form 
stones to evaluate the process of calculous formation in detail. 
In addition to the nearly identical oxalate metabolism of the 


rat to that in humans, experimental calcium oxalate urolithia- 
sis in the rat has also been found to be similar to calcium 
oxalate stone disease in humans,.7-4!013.1433-35 

However, although there is a sufficient knowledge about 
the phases of stone formation in humans, it is clear that ade- 
quate information about human and model animal kidney 
anatomy, and to some extent urinary chemistry, is necessary. 
Studies have demonstrated that there are basic anatomical 
differences between kidneys of humans and those of animals 
such as dogs, rabbits, and rats. With this aim in addition to 
study the renal ultrastructure and physiology, rats have been 
extensively used in the development of models of many renal 
diseases. Basically, the kidneys of these animals are much 
smaller, are unipapillate, and have fewer urinary tubules, a 
simpler pelvis, and a smaller urinary space. However, the 
medulla-to-cortex volume ratio is very similar, being 1:2 in 
the rat, the dog, and the human, and 1:16 in the rabbit. In the 
light of these differences, especially with respect to the size 
of the animal model kidney, one may appreciate that model 
kidneys with relatively smaller renal structures (especially 
the renal pelvis) will produce only a small miniature imita- 
tion of the human stone.*+°*!7°5 

Last, but not least, to set up and evaluate the complex 
phases of urolithiasis in different animal models, authors 
have stated that the desired model should form calculi in a 
reproducible manner and stone-forming agents should not be 
toxic to the normal urinary tissues. With this aim, as the most 
easily available and commonly used laboratory animal, rats 
have been used in a number of experimental models to study 
calcium oxalate urolithiasis.°?!7-16"7 


33.3.3 Evaluation of Stone Formation 
in Different Models 


As mentioned earlier, to evaluate and discuss the different 
steps of the complex stone formation process, a number of 
models have been developed and used as reported in the lit- 
erature. Although the data obtained from the use of these 
models did produce valuable data to a certain extent, regard- 
ing the very complex nature of the urinary stone formation, it 
is clear that there is no unique model that will provide ade- 
quate information about all aspects of the pathogenesis of 
urinary calculi. Some of these models provide limited infor- 
mation regarding only one aspect of the whole process. 
Related with this subject, while crystal nucleation and growth 
parts of stone formation have been well studied by using 
various types of crystallizers, tissue-culture studies are cur- 
rently being used to outline the possible interaction between 
oxalate and/or calcium oxalate crystals and renal tubular epi- 
thelial cells. On the other hand, theoretical computational 
models could provide limited information concerning the 
crystallization potential of urine itself. 
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In addition to the information obtained in the pathogene- 
sis of calcium oxalate stone formation, some experimental 
animal models did provide additional data regarding the 
anatomical and physiological role of kidneys as well as the 
renal tubules in this specific complex process. Although rats 
are the most commonly used animal type to study the differ- 
ent phases of stone formation, rabbits and dogs have also 
been used for this aim. As calcium oxalate (CaOx) stones 
constitute the most commonly diagnosed and treated type 
(75-80%), formation of these stones has been subjected to 
the majority of these experimental models. 

Evaluation of the experimental models used in the litera- 
ture did clearly show that diet-induced urolithiasis was com- 
monly used, mainly in rat models, to both induce and evaluate 
stone formation.*°**“* Much of the information in the patho- 
genesis of uric acid calculi has been derived from these mod- 
els. Induction of severe hyperuricemia as well as severe 
hyperuricosuria were produced in male Wistar rats by feed- 
ing dietary supplements of oxonic acid and uric acid. Long- 
term renal histological alterations in this animal model 
(drug-induced hyperuricemia) have been found to be similar 
to the changes noted in human gouty nephropathy. Authors 
have claimed that this type of model may provide an oppor- 
tunity to investigate certain factors influencing the renal 
alterations during sustained hyperuricemia.” 

Another example of this type of model was “a high pro- 
tein diet model” using casein in rats. Following the institu- 
tion of increased dietary protein in these animals (a substantial 
acid load), significantly decreased urinary pH and urinary 
citrate have been well noted, which at the same time resulted 
in increased urinary calcium and calcium phosphate satura- 
tion. Researchers noted that, despite the lack of evident stone 
formation, this model might provide valuable information 
regarding the mechanisms of protein-induced nephrolithiasis 
due to the higher consumption of animal protein." Last, 
but not least, a pyridoxine-deficient rat model with the addi- 
tion of 3% glycolic acid has been found to induce hyperox- 
aluria in Wistar rats. Researchers have used these models to 
evaluate the effects of dietary modifications on stone forma- 
tion, among which vitamin E and selenium have been com- 
monly tested.” 

In drug-induced animal models, CaOx calculi formation 
has been evaluated following the induction of hyperoxaluria 
by classical application of ethylene glycol (EG) in rats. While 
hyperoxaluria formation alone after EG administration alone 
does not result in stone formation, as a potent nephrotoxic 
agent causing renal tubular injury, gentamicin application 
was also found to be essential to induce renal crystals. These 
models support the concept that renal cellular damage must 
be associated with an underlying metabolic defect, in this 
case hyperoxaluria, to induce nephrolithiasis.*°°*"* 

More recently, hydroxyproline (HP) has been used to 
induce hyperoxaluria and subsequently to investigate possible 


stone formation. Gross morphological and microscopic histo- 
pathological analyses did reveal CaOx crystal deposition, and 
renal tubular injury were noted on the renal papillae. This 
model successfully mimics the most common type of meta- 
bolic abnormality as well as the most common type of stone 
seen in humans. "5556 

As a promising animal model of urolithiasis, “genetic 
hypercalciuric stone-forming animals,” primarily rats and 
mice, have been genetically inbred for more than 54 genera- 
tions in an attempt to serve as a model for the most common 
metabolic abnormality: hypercalciuria. Metabolic abnormali- 
ties noted in these animals were similar to patients with idio- 
pathic hypercalciuria. Genetic hypercalciuric rats have been 
found to absorb excessive amounts of intestinal calcium, fail 
to adequately reabsorb filtered calcium, and their bone resorp- 
tion is uniquely sensitive to 1,25(OH)2D3. All of these char- 
acteristics are apparently due to an increase in the number of 
receptors for vitamin D. Studies have demonstrated that these 
rats spontaneously form calcium phosphate stones in the 
absence of dietary related hyperoxaluria. Both hypercalciuric 
rats and humans appear to be predisposed to initially form 
calcium phosphate stones and not the commonly observed 
calcium oxalate stones. Thus, these findings suggest that rats 
and humans appear to be protected against calcium oxalate 
stone formation unless a nucleation site, such as the more 
easily formed calcium phosphate crystal, is present. !™!4!5 

As an inhibitory urinary protein in CaOx crystal forma- 
tion, Tamm-Horsfall protein (THP) has been investigated 
using a THP knockout mouse model for the spontaneous for- 
mation of calcium crystals in the kidney. Experimentally 
induced renal crystal formation was achieved by administer- 
ing ethylene glycol and vitamin D3 that increase calcium 
absorption. In this model, inactivation of the THP gene in 
mouse embryonic stem cells caused the spontaneous forma- 
tion of calcium crystals in adult kidneys. As the most com- 
mon type of risk factors for human renal stones, diet-related 
hypercalciuria and hyperoxaluria did apparently increase the 
frequency and the severity of renal calcium crystal formation 
in THP-deficient mice. These results in turn provide the first 
in vivo evidence that THP is a critical urinary defense factor 
against calcium oxalate crystal formation. Thus, deficiency 
of THP could play an important role in calcium oxalate stone 
formation.” 

Although it is not as common as hypercalciuria and/or 
hyperoxaluria, cystinuria has been well studied by using the 
Newfoundland dog model as the most widely used model. 
Hexagonal microcrystals indicative for cystine calculi were 
found in the urine of all homozygous animals. However, 
renal and/or bladder calculi were reported in all homozygous 
males and about 23% of homozygous females. This gender 
prevalence is also noted in dogs and wolves.’ 

Finally, the role of the enteric bacteria Oxalobacter 
formigenes, which colonizes in the colon and regulates 
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oxalate homoeostasis, primarily by preventing enteric oxalate 
absorption, has been evaluated in some animal models. It has 
been clearly postulated that the loss of this bacterium from 
intestinal flora is associated with an increased risk of hyper- 
oxaluria and calcium oxalate urolithiasis. In such models, 
noncolonized Sprague—Dawley rats were colonized with live 
bacteria or treated with oxalate-degrading enzymes derived 
from O. formigenes to determine the response to a high 
oxalate load and they were found to excrete lower levels of 
oxalate, without crystalluria, and that of calcium oxalate 
crystals in the nephrons, as observed in control rats. In the 
light of the published data, O. formigenes has been found to 
be important for maintaining oxalate homeostasis, absence 
of which has been shown to increase the risk of hyperoxalu- 
ria and recurrent kidney stone disease. Data derived from 
these models demonstrated that the replacement therapy 
might be an efficient procedure to prevent hyperoxaluria and 
related complications. 


33.4 CaOx Nephrolithiasis 


Induction of acute or chronic hyperoxaluria by using a vari- 
ety of agents such as sodium oxalate, ammonium oxalate, 
hydroxy-L-proline, ethylene glycol, and glycolic acid in dif- 
ferent animal models was the main step for the formation of 
CaOx stones in animals (mainly in rats). 

Although these agents are generally applied orally in food 
or water or by gavage, intraperitoneal injection has also been 
used to induce hyperoxaluria. Lastly, such agents have often 
been used in association with vitamin D or a magnesium- 
deficient diet and, sometimes, with a pH-reducing protocol 
of ammonium chloride administration .'*7'8°00446.% 

Studies have clearly demonstrated that following the 
induction of acute hyperoxaluria by way of intraperitoneal 
sodium oxalate injection increased urinary excretion of 
oxalate; and accumulation of CaOx crystals in lumina of the 
renal proximal tubules could easily be demonstrated as well. 
Crystals were later seen in collecting ducts of the cortex and 
papilla. The amount of the injected hyperoxaluric agent 
affected the duration of urinary excretion of excess oxalate 
and the size, number, and location of crystals within the kid- 
neys. The largest amount of oxalate was excreted within the 
first 6 h of the challenge. Depending on the dose of the 
injected agent, crystals either were restricted to the tubular 
lumens with lower doses and disappeared within a few days 
or they were initially located in tubular lumina and later seen 
in the interstitium with higher doses of the agent. On the 
other hand, while some crystals and crystal aggregates 
remained small and did not adhere to the renal epithelium 
being subsequently flushed out with the urine, relatively 
larger crystals did move slowly and they were attached to the 


renal epithelium being too large to move with the urine 
migrated to the interstitium. Lastly, histologic evaluation 
after hyperoxaluria induction has clearly demonstrated that 
the main sites of crystal retention were the renal papillary 
tips and the corticomedullary junction.**° 

Another way of hyperoxaluria induction was oral chronic 
administration of ethylene glycol (EG) as a 0.75% aqueous 
solution in drinking water to male Sprague—Dawley rats. 
While excretion of oxalate was found to increase signifi- 
cantly, excretion of calcium, magnesium, and citrate 
decreased, leading to an increased urinary CaOx supersatu- 
ration accordingly. During chronic hyperoxaluria induced by 
the administration of 0.75% EG alone or with 2% ammo- 
nium chloride (AC), persistent crystalluria was present in all 
rats by day 3 and nephrolithiasis by day 7. It has also been 
observed that it took rats approximately 12 days of chronic 
administration of EG alone to show persistent crystalluria 
and about 3 weeks to start depositing crystals in their kid- 
neys. In addition to the induction of hyperoxaluria, a magne- 
sium-deficient diet has accelerated and exaggerated 
crystalluria and nephrolithiasis in male rats receiving 1% EG 
in drinking water. The crystals were located in both the cor- 
tex and the medulla. Administration of magnesium oxide to 
male rats receiving a 1% aqueous solution of EG signifi- 
cantly reduced their urinary oxalate excretion and stopped 
their CaOx nephrolithiasis.** 

Another important observation derived from these studies 
was the size and distribution of these crystals during the 
chronic hyperoxaluric phase, and it has been noted that the 
crystals were initially formed randomly in the renal medulla. 
In later stages of hyperoxaluric phase, however, the collect- 
ing ducts at the renal papillary tip and papillary base were the 
preferred sites of crystal deposition. After 4—6 weeks, crys- 
tals were also seen between the tubular epithelial cells as 
well as inside the epithelial cells and the interstitium. After 
only 1 week of EG+AC treatment or 8 weeks of EG alone, 
the kidneys of some rats had nephroliths or stones attached to 
their renal papillary surfaces. These stones contained both 
CaOx mono — and dihydrate crystals and calcified the entire 
papillary tip. Examination of the papillary stones by light 
microscopy and scanning and transmission electron micros- 
copy revealed that they originated in the lumina of collecting 
ducts near the renal papillary surface.” 

In addition to evident hyperoxaluria and subsequent crys- 
tal formation in animal models, acute or chronic induction of 
hyperoxaluria did also cause the increased urinary excretion 
of some certain enzymes.” As a lysosomal enzyme, 
urinary levels of N-acetyl-3-glucosaminidase increased in 
mild chronic hyperoxaluria without crystal deposition in the 
kidneys. On the other hand, by causing tubular damage, 
deposition of CaOx crystals has been found to be associ- 
ated with increased urinary excretion of the membrane 
marker enzymes such as alkaline phosphatase, leucine 
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aminopeptidase, and gamma-glutamy] transpeptidase. Severe 
damage has been shown in membranes of the tubules con- 
taining the crystals.**° 

With respect to the gender difference of the animals 
used as a model, all studies described were carried out in 
male rats. EG solutions of low concentration that induce 
CaOx nephrolithiasis in male rats were not found to pro- 
duce similar results in females. Male rats have been found 
to be more prone to crystal formation and deposition than 
female ones. 

In conclusion, studies in rats with EG-induced hyperox- 
aluria have shown that CaOx nephrolithiasis can be induced 
experimentally and is associated with enzymuria. The renal 
papillary tip and calyces were the preferential sites for crys- 
tal deposition in chronic hyperoxaluria. Chances for crystal 
deposition elsewhere in the kidneys, including the renal cor- 
tex, increased with increasing levels of urinary oxalate and 
duration of the hyperoxaluric state. Magnesium deficiency 
was found to exacerbate nephrolithiasis. Experimentally pro- 
duced crystals and stones did contain an organic matrix of 
carbohydrates, lipids, and proteins. On the other hand, stud- 
ies have demonstrated that the female rats are more prone to 
CaP nephrolithiasis than male rats. Increased urinary excre- 
tion of calcium and phosphate and decreased excretion of 
magnesium promote CaP nephrolithiasis. Both testosterone 
and estrogen appeared to play a significant role in the 
pathogenesis.*°°* 


33.4.1 Comparison Between Rat 
and Human Nephrolithiasis 


Detailed evaluation as well as comparison of the stones 
formed in models of rat kidneys revealed the following find- 
ings: In addition to the ultrastructural characteristics, despite 
the small size of the calculi formed, the nature and the com- 
position of stone crystals and matrix have been found to be 
identical in both human and rat kidney stones. Moreover, 
formation of the calculi has been found to be initiated by 
crystal deposition in collecting ducts of the renal papilla and 
the subsequent stones have been found to be located on the 
papillary surfaces. These findings again have been reported 
as similar in humans and mildly hyperoxaluric rats. 
Concerning the underlying factors in stone formation in both 
humans and rats, chronic mild hyperoxaluria was found to be 
the main factor initiating these specific events. Taking the 
fact that not all the rats with similar urinary oxalate and 
CaOx supersaturation do produce CaOx nephroliths, it has 
been stated that factors other than supersaturation might be 
involved in kidney stone formation where experimental 
nephrolithiasis in rats has also been found to be associated 


with a reduction in the urinary excretion of citrate. Unlike 
these findings, although a majority of idiopathic stone form- 
ers are hypercalciuric, experimentally induced stone forma- 
tion in rats has been found to be associated with lower than 
normal urinary excretion of calcium. 

Last, but not least, renal crystal deposition in experimen- 
tally induced rats was in all conditions associated with cell 
injury. Cell damage can be detected during crystal formation, 
and it has been reported that the damage may occur either 
prior to or subsequent to crystal deposition. 

However, enzymuria in the absence of nephrolithiasis 
indicated the possibility of impairment prior to crystalliza- 
tion and suggested that challenge to the renal epithelial cell 
could be an initiating event. The development of stones on 
Randall’s plaques, enzymuria of proximal tubular origin, and 
functional or structural tubular abnormalities and/or tubular 
damage demonstrated in different studies implicate renal 
injury in human nephrolithiasis. The interaction between 
crystals and organic material appears critical in the attach- 
ment and growth of urinary stones. All crystals, whether 
experimentally induced in rats or spontaneously formed in 
humans, were found to contain organic material occluded 
within and on their surfaces.” 


33.5 Conclusions 


In the light of the findings presented in this chapter, it is 
clear that valuable data on the pathogenesis of kidney stone 
formation can be derived from the animal models, among 
which the rat is the most contributive one. Similarity of the 
oxalate metabolism in humans and rats may allow us to pro- 
pose several strategies for experimental modeling of stones 
in rats. With respect to the complex nature of stone forma- 
tion and the unanswered questions in the etiopathogenesis, 
by evaluating the sequence of events in animal models of 
nephrolithiasis, valuable data could be derived regarding the 
initial events; the site of early response to hyperoxaluric 
challenge; the nucleation, aggregation, and retention of 
crystals; and the involvement of macromolecules during 
these processes in the kidneys. Two key processes of stone 
formation, namely, stone nucleation and nidus formation in 
the study of nephrolithiasis and stone growth in the study of 
foreign-body encrustation have been well studied in animal 
models allowing us to compare them with the human stone 
formation. 

In summary, animal models could provide reliable and 
valuable data to understand the pathogenetic steps of human 
nephrolithiasis. Given the similarities in pathophysiology, 
perhaps the treatment strategies used in animal urolithiasis 
models can be extrapolated to human stone disease. 
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Clinical Trials in Stone Disease 


Loris Borghi, Umberto Maggiore, Antonio Nouvenne, 


and Tiziana Meschi 


Abstract Randomized controlled trials (RCTs) are considered the most reliable form of 
scientific evidence in medicine because they eliminate bias and spurious causality. Correctly 
performing RCTs require some well-defined rules. In kidney stone disease a relatively small 
number of clinical trials have been performed. In this chapter, the main principles to plan and 
implement nephrolithiasis clinical trials are focused. The best way to select study population, 
to randomize, to perform study design, and to assess adherence and outcomes is discussed. 
Finally, practical examples and a brief literature review should be useful for the reader to work 
out a critical point of view about this field. 


34.1 Introduction 


In spite of the important morbidity linked to the high preva- 
lence of kidney stones in the general population, a relatively 
small number of clinical trials have been performed so far in 
the treatment of this disorder. In this chapter, we will address 
some of the problems most commonly encountered in the 
planning and implementation of clinical trials dealing with 
kidney stone treatment. Our focus will be on the pharmaco- 
logical and dietary treatments aimed at reducing the risk of 
kidney stone formation, viewed from the perspective of the 
methodological issues involved in the clinical trials. 

The clinical trial is the most reliable tool at our disposal for 
assessing the efficacy of a treatment. Some authors believe 
that efficacy should be distinguished from effectiveness in an 
intervention. The former refers to what the intervention 
accomplishes in an ideal setting, the latter to what it accom- 
plishes in actual practice, taking into account the incomplete 
adherence of the participants to the protocol. We do not agree 
with this distinction. In fact, the quality of the scientific evi- 
dence provided by a clinical trial depends on the specificity of 
the setting in which the intervention is tested, namely its indi- 
cations, characteristics, and degree of compliance achieved.' 

The clinical trial is a prospective study performed on 
human beings to compare the effect of intervention(s) against 
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a control.’ At baseline, the control group must be sufficiently 
similar in all relevant aspects to the intervention group, allow- 
ing to reasonably attribute the differences in outcome to the 
effect of the intervention. Randomization, a method resem- 
bling the tossing of a coin, is the preferred way of assigning 
participants to the control group or to the intervention group. 
The main advantage of randomization is that it tends, in the 
long run, to balance evenly all prognostic factors, including 
those that are unmeasured and/or unknown. It is crucial that 
randomization be performed only after the patient has already 
been enrolled in the study. This ensures that the investigator 
has no knowledge of how treatments will be assigned before 
deciding whether or not the patient is eligible for the study. 

A special type of clinical trial is the crossover study, 
which allows each participant to act as his (or her) own con- 
trol. The assumption underlying this study design is that the 
effects of the first intervention do not carry over to the sec- 
ond treatment period. However, in the clinical setting of kid- 
ney stone treatment, such an assumption is untenable when 
the primary end point regards “stone recurrence rate,” 
whereas it might be appropriate when the effect regards the 
urinary stone risk factors. 

In a clinical trial, the outcome should be assessed in a 
consistent and unbiased manner in all patients. Whenever 
feasible, blinding of the treatment to the investigator and to 
the participant would fulfill this requirement. Another impor- 
tant advantage of blinding is that it minimizes the risk of 
concomitant or compensatory treatments being prescribed 
differently in the groups under comparison. While widely 
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used for testing the effectiveness of drugs, blinding is, 
obviously, of virtually impossible implementation for assessing 
the effectiveness of dietary interventions. 


34.2 Choice of Study Population 


Before starting the trial, it is essential to specify the category 
of patients to be investigated, and the strategy to be used for 
patient recruitment. 

The category of patients under investigation is defined by 
the inclusion and exclusion criteria. These criteria are usu- 
ally chosen in such a way as to select the patients who would 
most likely benefit from the treatment being studied. For 
instance, a dietary treatment would be less efficacious in case 
of hereditary or well-defined acquired diseases such as cysti- 
nuria, primary hyperoxaluria, medullary sponge kidney, pri- 
mary hyperparathyroidism, infections, and anatomical 
alterations of the urinary tract. Therefore, these conditions 
should be listed among the exclusion criteria. Whether or not 
the results of the study can then be extended to these catego- 
ries, it is merely a matter of clinical judgment. 

The practical strategy of patient enrolment is also impor- 
tant. For instance, enrolment implemented only in tertiary 
centers rather than by the general practitioners tends to select 
the most severe cases of kidney stone recurrence and the 
most motivated patients who are more likely to comply with 
the assigned treatment. As a matter of fact, we know only 
one double-blind RCT made in a general practice setting 
that, despite a catchment area of 17,000 inhabitants, was able 
to include 50 subjects only, who were followed up for an 
average of 40 months.* 

The study population should be as homogeneous as pos- 
sible. First of all, a precise characterization of stone pheno- 
type is mandatory (i.e., calcium nephrolithiasis, uric acid, 
cysteine, struvite, etc.). This purpose might be difficult to 
implement due to inadequate availability of stone composi- 
tion analysis. In calcium nephrolithiasis, stone composition 
analysis should allow to distinguish between calcium oxalate 
(CaOx), calcium phosphate, and mixed stones with various 
percentages because these stones differ in natural history, 
severity, recurrence rate, and response to treatment. On this 
account, several published studies are not easily comparable. 
According to current criteria, CaOx urolithiasis is defined by 
a stone CaOx (monohydrate and dihydrate) content exceed- 
ing 79%.°’ Accordingly, the study populations should be 
homogeneous as to the metabolic alterations, such as hyper- 
calciuria, hyperoxaluria, hyperuricosuria, and hypocitraturia. 
Because these abnormalities are known to increase the risk 
of nephrolithiasis, several studies selected patients on the 
basis of the type of metabolic alterations.*’'* An exception 
to this rule is the case in which a treatment might be equally 


effective on two or more stone types: for example, potassium 
citrate on calcium and uric stones. 

Many other aspects, such as severity of disease, surgery, 
number of stones, etc. are to be taken also into consideration 
and will be discussed later in Sect. 34.4. 


34.3 Sample Size Estimates 
and Assumptions 


Each clinical trial must enroll a sufficient number of partici- 
pants to achieve an adequate statistical power. The power is the 
probability that the trial will detect a true difference between 
treatments as statistically significant. The power depends on 
the magnitude of the difference between treatments, the vari- 
ability of the response, and the statistical analysis being used, 
namely, the level of statistical significance and the type of the 
statistical test.'’ Commonly, a sample size is chosen such as to 
achieve a power ranging from 80% to 95%. When only a sin- 
gle statistical primary hypothesis is planned, a two-sided alpha 
of 5% is regarded as the level of statistical significance. The 
complement of the power is the probability of a false-negative 
finding. For instance, a sample size that achieves an 80% 
power runs a 20% risk of finding a falsely negative result. 

The chapter authors feel that a clinical trial on kidney stone 
recurrence should last at least 3 years, but a duration of 5 years 
would appear safer. Most experts share this opinion since 
almost every prophylactic treatment shows its significant effect 
on stone episode recurrence after 2 years, on average. In fact, 
perhaps due to the “stone clinic effect” and to other still 
unknown factors, the most effective prophylactic treatments 
described in literature (i.e., potassium citrate, thiazide, allo- 
purinol, water, and diet) are able to induce a rapid (weeks or 
months) decrease of urinary stone risk factors, while the greater 
reduction of recurrence rate occurs later (>2 years). >10 

To calculate the power, the investigator must specify 
beforehand the presumed difference in response between the 
intervention and control group, that is, the effect of the inter- 
vention. The effect of the intervention is usually inferred from 
previously published studies. Often, however, previous refer- 
ences regarding the effects of the treatment are lacking and 
only the prognostic information regarding patients under the 
standard treatment (i.e., the control group) is available. When 
this is the case, a minimum difference that can be regarded as 
clinically meaningful may be postulated. For instance, data 
from several studies — both retrospective and prospective®'*!*:"° 
— show that, at 5 years, patients with urolithiasis not receiving 
any specific therapeutic intervention run a 20% risk of stone 
recurrence after the first episode, and of almost 40% after two 
episodes, with the mean interval periods decreasing along 
with the increase in the frequency of recurrences.'* One might 
calculate the power of detecting a treatment effect that halves 
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this 5-year risk of recurrence. Figure 34.1 (upper leftmost 
panel) reports the total number of patients required for plan- 
ning a trial in which participants are assigned to either the 
treatmentor control group (witha 1:1 probability). Calculations 
are based on the estimated risk of recurrence in the control 
group, the effect of treatment halving this risk, and refer to the 
use of the Mantel—-Cox (Log-rank) statistical test with a two- 
sided significant level of 5%. These computations make use 
of the recurrence probabilities at 5 years. 

Remember that, in all likelihood, some patients will with- 
draw from the study during a 5-year follow-up period. This 
is a very common problem in all clinical trials, including 
those regarding kidney stone recurrence. Therefore, before 
calculating sample size requirements, it is important to esti- 
mate how many patients will withdraw from the study. 
Figure 34.1 reports how sample size changes with different 
rates of patient withdrawals. 

Note that these computations assume that the participants 
not withdrawing from the study will be followed up for the 
entire duration planned for the study. Therefore, if, for exam- 
ple, the study duration is planned over 5 years, the clinical 
trial will not close until the last patient enrolled in the study 
has completed the 5-year study period. On the contrary, if the 
plan foresees to stop the trial at a preset calendar date, then 
by that time some of the participants might not have com- 
pleted the entire planned study period. In this instance, the 
duration of accrual and the accrual rate must be taken into 
account in the sample size computations. 


Sometimes, rather than verifying whether a treatment 
effect differs from the standard (control) treatment, we 
might wish to assess whether this treatment is equivalent 
or, more simply, noninferior. The hypothesis of equiva- 
lence is defined by setting the maximum difference between 
treatments that we would accept to conclude that the two 
treatments are equivalent. Usually, study results are pre- 
sented as a (1—a[alpha])% confidence interval for the dif- 
ference between the two treatments.” The equivalence is 
declared whenever the upper and lower bounds of the con- 
fidence intervals lie within the prespecified equivalence 
limits. Non-inferiority trials use the same approach except 
that they only look at the lower side of the confidence 
interval. Equivalence and non-inferiority trials are often 
planned whenever the standard (control) treatment is either 
costly or causes an excessive burden for the patients, thus 
making an equally efficacious yet simpler alternative 
preferable. 

In Sect. 34.8, we will discuss the use of outcome measures 
that can be considered surrogates of kidney stone formation 
such as urinary stone risk factors. 

The Appendix reports simple formula that can be used for 
sample size computation, thus avoiding the need for specific 
computer programs. 

Table 34.1 lists all published interventional RCTs on 
nephrolithiasis and reports data that might be the basis for 
the assumption needed for sample size computation when 
planning a clinical trial on kidney stone disease.” >? 
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Table 34.1 Data needed for sample size computation based on all published interventional RCT 


Intervention 


Reference 


End point 


Urinary calcium 
excretion 


Urinary oxalate 
excretion 


Urinary stone risk 
factors 


Urinary stone risk 
factors 


Stone recurrence 


Oxalate excretion, 
absorption, 
endogenous 
synthesis 


Urinary calcium, 
oxalate, Tiselius 
Risk Index (TRI) 


Urinary stone risk 
factors 


Study population 


CaOx stone formers 
with hypercalciuria 


Males and females 


CaOx stone formers 
with hyperoxaluria 


Males and females 


Healthy subjects in bed 
rest on metabolic diet 


Males and females 


Healthy subjects and 
CaOx stone formers on 
metabolic diet 


Males and females 


Recurrent CaOx stone 
formers 


Males and females 


Healthy subjects and 
CaOx stone formers on 
metabolic diet 


Males and females 


Healthy subjects on 
metabolic diet 


Males 


Healthy subjects on 
metabolic diet 


Males and females 


Low-salt diet 


Probiotics (Oxadrop) 


KMgCitrate 


Orange juice 


Thiazide diuretics 
(Hydrochlorothiazide) 


Ascorbic acid 


Ca carbonate 


Low Ca diet 


Central tendency 


Ca 271 mg 


Ox 28 mg 

Na 68 mmol 

Cl 74 mmol 

Uric Acid 539 mg 
P 801 mg 

52.6 mg 


Ca 222 mg 

K 82 mEq 

Mg 165 mg 

Cit 976 mg 

pH 6.56 

RSR CaOx 3.37 
RSR brush 1.82 
Undissociated 
Uric acid 70 mg 
Cit 1,000 mg 


NAE 17.3 

Mg 108 mg 

K 85 mEq 
Amm 23 mEq 
Ox 35 mg 

RS CaOx 3.71 
RS brush 0.82 
32% at 3 years 


Ox ur 51.2 mg 


Ox absorption% 
10.5 


Ox endogenous 
49 mg 


Ox 11.7 mg 
Cit 159 mg 
Ca 207 mg 
TRI 0.57 


Ca 148 mg 
Ox 25 mg 
Vol 1,814 ml 
pH 6.25 

RS CaOx 4.3 
Cit 849 mg 


Variability 


SD 86 Nouvenne*’ 


SD 8 
SD 43 
SD 62 
SD 153 
SD 237 


IQR 44.6-68 Goldfarb”? 


SD71 Zerwekh’! 
SD 11 

SD 45 

SD 330 

SD 0.41 

SD 1.50 

SD.01 

SD 91 


Range Odvina* 


450-1,400 
SD 20.8 
SD 28 

SD 21 
SD8 
SD6 

SD 1.58 
SD 0.56 


- Fernandez-Rodriguez* 


Massey” 


Domrongkitchaiporn™ 


Heller” 
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Table 34.1 (continued) 


Intervention 


Reference 


End point 


Study population 


Urinary stone risk Healthy subjects 


factors 


Stone recurrence 


Stone recurrence 


Stone recurrence 


Stone recurrence 


Stone recurrence 


Stone recurrence 
and stone rate 


Stone recurrence 
and stone rate 


Stone recurrence 


Stone recurrence 
and stone rate 


Stone recurrence 


and stone rate 


Stone recurrence 
and stone rate 


Males 


Recurrent idiopathic 
hypercalciuric CaOx 
stone formers 


Males 


CaOx stone formers 
post-lithotripsy 


Males and females 


Recurrent CaOx stone 
formers 


Males and females 


Calcium stone formers 
(first episode) 


Males and females 


Recurrent CaOx stone 
formers 


Males and females 


Recurrent 
hypocitraturic CaOx 
and CaOx-CaP stone 
formers 


Males and females 


Recurrent 
hypercalciuric CaOx 
and CaOx-CaP stone 
formers 


Males and females 


CaOx stone formers 
(first episode) 


Males and females 


Recurrent hypercalciu- 
ric CaOx 

and CaOx-CaP stone 
formers 


Males and females 


Recurrent calcium 
stone formers 


Males 


Recurrent CaOx stone 
formers 


Males and females 


Cranberry juice 


Normal-Ca, low-salt, 
low-protein diet 


KCitrate 


KMgCitrate 


Water 


NaK Citrate 


KCitrate 


Diet, fluid, indapamide, 
and allopurinol 


Low animal protein, high 


fiber, normal calcium diet 


Thiazide diuretics 
(Trichlormethiazide) 


Thiazide diuretics 
(Trichlormethiazide) 
and Allopurinol 


Thiazide diuretics 
(Chlortalidone) 


Central tendency 
Ca 121 mg 

Ox 9.9 mg 

Cit 714 mg 

Vol 1,805 ml 


Metastable limit 
0.007 


RS CaOx 1.46 
RS uric a 0.96 
RS brushite 0.68 
20% at 5 years 


0% at 1 year 


12.9% at 3 years 


12.1% at 5 years 


69% at 3 years 


27.8% at 3 years 
Stone rate 0.1 


12.5% at 3 years 
Stone rate 0.04 


Stone recurrence 
7,1/100 person/ 
years 

8.3% at 2 years 
Stone rate 0.13 


51% at 4,6 years 
Stone rate 0.20 


13% at 3 years 
Stone rate 0.05 


Variability 


SD 44 
SD 1.8 
SD 129 


SD 176.53 


SD 0.45 


SD 9.16 
SD 7.48 
SD 7.48 


SD 0,2 


SD 0,11 


SD 0,33 


McHarg” 


Borghi’ 


Soygur” 


Ettinger! 


Borghi" 


Hofbauer” 


Barcelo® 


Borghi? 


Hiatt” 


Ohkawa’ 


Kohri'® 


Ettinger® 
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Table 34.1 (continued) 


Intervention 


End point 


Study population 


Recurrent 
normocalciuric and 
hyperuricosuric CaOx 
stone formers 


Stone recurrence 
and stone rate 


Allopurinol 


Males and females 


Thiazide diuretics 
(Chlortalidone) 


Recurrent CaOx 
stone formers 


Stone recurrence 
and stone rate 


Males and females 


Recurrent CaOx stone 
formers 


Stone recurrence Allopurinol 


Males and females 


Recurrent calcium 
stone formers 


Stone rate Ortophosphate 


Males and females 


Thiazide diuretics 
(Hydrochlorothiazide) 


Recurrent calcium 
stone formers 


Stone recurrence 


Males and females 


Stone recurrence Recurrent calcium Water 
stone formers 
Males and females 
Stone area doubled Struvite stone formers Acetohydro 
and stone with infection with : : 
re : xamic acid 
recurrence (new urea-splitting organism 
stones) 


Males and females 


Thiazide diuretics 
(Hydrochlorothiazide) 


Recurrent calcium 
stone formers 


Stone recurrence 


Urinary calcium 
Males and females 
Recurrent stone 


Stone recurrence Thiazide diuretic 


and rate (stone formers (Bendroflumethiazide) 
number/patient/ Males and females 

year) 

Stone recurrence Recurrent CaOx stone Low Ca diet 

and urinary formers on Low Ca diet 

calcium 


Males and females 


Central tendency Variability Reference 
31% at 3 years - Ettinger! 
Stone rate 0.12 - 

23% at 2.4 years - Ettinger” 
Stone rate 0.06 = 

22% at 1 year - Smith” 
25% at 5 years 

0.20 - Robertson!’ 
22% at 3 years 95% CI Laerum' 
5,3% at 2 years = Ulman?” 
0% at 1.3 years - Williams!’ 
0% at 1.3 years - 

24% at 1 year - Scholz” 
Ca 153 mg SD 110 

15% at 1,5 years - Brocks’! 
Stone rate 0.09 = 

30% at 3 years - Ettinger” 
Ca 183 mg SD 43 


TRI tiselius risk index, SD standard deviation, JQR inter quantile range, RS relative supersaturation, CaOx calcium oxalate, NAE net acid excretion; 
Stone Recurrence% of patients recurrent during intervention, Stone Rate stone number/patient/year, CI confidential interval 


34.4 Baseline Assessment 


Before starting the intervention, all relevant baseline charac- 
teristics should be measured in all study participants. 
Reporting the baseline characteristics of the randomized 
groups allows us to evaluate their comparability (i.e., the suc- 
cess of the randomization process), and how the findings from 
the present study compare with those from other studies. 
Identifying imbalances does not invalidate the study 
results, but it makes their interpretation more complicated. 
Usually, multiple regression or stratification techniques are 
used to adjust the study results when baseline imbalances are 
present. It is worth noting that the statistical tests comparing 
randomized groups at baseline (as reported in several research 


articles) are meaningless, since randomization makes the 
“null hypothesis” true by definition. 

Most of the kidney stone patients are repeatedly evaluated 
before enrolment in a clinical trial by physical examination 
and laboratory data. It is crucial that the definition of “base- 
line” be uniform for the entire study population, and that the 
baseline characteristics reflect clinical conditions at the time 
of randomization as closely as possible. 

Table 34.2 shows the ideal baseline setting for perform- 
ing correctly an RCT for evaluating the effect of an interven- 
tion on stone rate recurrence. This approach can be applied 
both in tertiary centers and in general practice, because it is 
simple and the major items are easily obtained through an 
accurate medical history. As described previously, the 
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Table 34.2 Baseline characteristics to collect for each stone former 
enrolled in an interventional RCT, to assess the effects of both 
pharmacological and non-pharmacological treatments in the prevention 
of stone recurrences 


Mandatory baseline information 


Age 

Gender 

Body weight Concomitant relevant diseases 
Height Concomitant pharmacological 


treatments 


Blood pressure 
Family history of stones 


Dietary habit (essential for trials 


on dietary treatment) 
Stone composition Serum creatinine 
Total stones formed Serum calcium 
Serum uric acid 
Age at first stone Standard urine analysis 


Recurrence rate (stone number/ 
patient/year) 


Urine culture analysis (essential 
for trials on struvite stones) 


Number of retained stones 


Number of urological procedures 
to remove stones 

Very useful baseline information 
Serum sodium 

Serum chloride 24-h urine pH 
Serum potassium 24-h urine calcium 
Serum magnesium 24-h urine oxalate 
24-h urine uric acid 
24-h urine citrate 


24-h urine ammonium (for trials 
on struvite stones) 


Serum phosphorus Cystine screening or 24-h 


cystine (for trials on cystine 
stones) 
Serum PTH 
Serum bicarbonate 
24-h urine volume 
24-h urine creatinine 
Ancillary baseline information 
24-h urine urea 24-h urine magnesium 
24-h urine sodium 24-h urine sulfate 
24-h urine chloride 


24-h urine potassium 


Relative saturation for: CaOx 
- CaP 


24-h urine phosphorus - Uric acid 


characterization of stone composition is crucial. By contrast, 
measurement of urinary stone risk factors is not mandatory 
if the primary end point is clearly fixed as “stone recur- 
rence.” In this setting, knowledge of urinary composition is 
helpful to support the findings regarding the primary end 
point, but not essential to evaluate the efficacy of the 
intervention. 


34.5 Intervention and Concomitant 
Medications 


Table 34.3 shows the main published RCT with “recurrence” 
as primary end point, classified by stone composition. 

As usual, pharmacological or dietary interventions are 
conceivable if based on a well-defined scientific back- 
ground. Considering literature, it is useful to note that, now- 
adays, as far as nephrolithiasis is concerned, it is not 
ethically acceptable to perform any intervention without 
prescribing an adequate increase in fluid intake, either in the 
control or active groups. This safeguard apart, no other ethi- 
cal constraints distinguish nephrolithiasis from other medi- 
cal conditions. 

Concomitant medications are a crucial point: Any drugs 
not provided for in the study protocol that are likely to exert 
a positive or negative effect on the natural history of the 
nephrolithiasis should be avoided. Regular supplements with 
calcium, vitamin C, vitamin D, and biphosphonates therapy 
are acceptable only if they are equally balanced in the group 
being compared, or if they are the object of a subgroup analysis 
planned beforehand. 


34.6 Random Allocation 


Randomization is a critical issue since it removes the inves- 
tigator’s bias in assigning treatments and produces, in the 
long run, groups that are comparable for prognostic factors. 
Several methods for randomly allocating participants are 
currently in use. They share the prerequisite that neither the 
participant nor the investigator should know what the assign- 
ment will be before inclusion of the participants in the study. 

Among the special methods of randomization that may be 
applicable in trials on kidney stone disease, we will mention 
the stratified randomization, the blocked randomization, and 
the adaptive randomization methods. Stratified randomiza- 
tion is a process that is performed separately for each stratum. 
It is especially useful when subgroup analyses are planned in 
the study protocol and in case of multicenter trials where each 
stratum is represented by a single center. Blocked randomiza- 
tion is meant to prevent imbalance in the number of patients 
assigned to each group. The blocks are short sequence blocks 
at the end of which the number of treatment assignments is 
evenly distributed (for instance, ABBA AB ABABBBAA). 
Adaptive randomization procedures change the allocation 
probabilities as the study progresses.” It may be employed to 
correct imbalance of baseline characteristics for those clinical 
trials enrolling only a limited number of patients. 

Despite the importance of randomization, often published 
RCT on nephrolithiasis do not provide details about the 
methods used to randomize study participants. 
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34.7 Participant Adherence and Compliance: 
Monitoring Response Variables 


Many potential adherence problems can be prevented or 
minimized before enrolling the participants. Once a partici- 
pant is enrolled, taking measures to motivate and monitor the 
participants’ adherence is of fundamental importance. 

After being enrolled in a trial, some patients may with- 
draw from the study because they are unwilling or unable to 
return for the follow-up visits. Other patients, assigned to 
the control group, might follow the intervention regimen or 
vice versa (“crossover”). Others apparently adhering to the 
assigned treatment do not, in fact, comply with the treatment 
prescriptions. 

By “lost to follow-up” we mean the irremediable loss of 
contact with the patient, hence there is no way of assessing 
his/her outcome. By “withdrawal from treatment” we mean 
the patient who continues to report for the scheduled visits, 
but is not complying with the treatment assignment. Some 
authors refer to the latter category as “dropouts.” By “with- 
drawal from the study” we mean the patient who is unwilling 
to continue the scheduled visits but can still be contacted 
(say, by a telephone call). The worst scenario is, of course, 
that of the “lost to follow-up.” Investigators should make 
every effort to avoid having even a single patient “lost to 
follow-up.” As we will show in Sect. 34.9.1, it is possible to 
retrieve information on withdrawals without invalidating the 
study results; but it is safer not to have to resort to this means 
of retrieval but, rather, to encourage, through the implemen- 
tation of appropriate strategies, the patients’ adherence and 
compliance. 

Due to the natural history and characteristics of the dis- 
ease, it is very hard to minimize withdrawals in kidney stone 
trials; in fact, nephrolithiasis usually affects “healthy” sub- 
jects who adhere strictly to their doctors’ advice and treat- 
ments at the time of an acute episode of renal colic but soon 
lose interest and compliance. Accordingly, the number of 
withdrawals in published RCTs on nephrolithiasis is consid- 
erable, particularly for those with a long-term follow-up. 
This pitfall notwithstanding, monitoring adherence is a pre- 
cise target for the study personnel and it is possible to enact a 
number of strategies to deal with the withdrawal phenome- 
non and to minimize the loss of compliance. For instance, it 
could be helpful to arrange scheduled visits (i.e., every 3 
months), make frequent phone contacts, and provide illustra- 
tive material for patients to take home. It is also useful to 
inform the general practitioner; moreover, a periodic 24-h 
urine collection could interest the patient enabling him/her to 
see the practical results of his/her efforts. Also performing a 
simple study intervention, agreeable to the patient, decreases 
withdrawals. In case of dietary intervention, it is important to 
have an assessment carried out by a dietician: this encourages 
the patient to adhere to the protocol and reduces the loss of 


compliance. Additionally, at the beginning of the study before 
randomization, a patient follow-up period, without interven- 
tion, may be conducted with the aim of assessing the compli- 
ance and the baseline characteristics (a “run-in” period).°"'! 

Finally, it is helpful to provide, as far as it is possible, 
some “facilities,” such as a dedicated outpatients’ depart- 
ment, some free exams, and avoiding waiting lists. 


34.8 Outcome Assessment 
and Surrogate Endpoints 


Studies confirm that, when available, noncontrast helical 
computed tomography scanning (spiral CT) has superior 
sensitivity and specificity in the detection of stones.** In 
RCTs on nephrolithiasis, the primary outcome should be 
“recurrence.” It is important to specify the method employed 
to diagnose the relapses. The most simple case is when at the 
first episode there is a single stone that is then ejected; in this 
situation, a new acute colic episode or the appearance of new 
asymptomatic stone detected by imaging techniques easily 
permit diagnosis. If, on the other hand, the first episode pres- 
ents as a case of multiple or residual stones, then the colic is 
not synonymous with recurrence, which can be diagnosed 
only if the retained stones are increased in number or size. 
However, due to interobserver variability, such diagnosis is 
often not easily available. In either case, the radiologist 
should be blind to treatment assignment. 

In conclusion, the ideal setting is that where the patient is 
stone-free after the first episode, and, in case of residual 
stones, a good CT imaging, possibly with a urographic phase, 
may be useful. 

When examinations are planned at yearly intervals, the 
use of renal ultrasound with/without abdominal flat plate 
might be adequate for asymptomatic patients. If renal stones 
are detected, CT imaging is also performed. 

The achievement of the “ideal” end point, namely recur- 
rence, requires a long-term follow-up period; lacking which, 
one might evaluate the surrogate end points’! — commonly 
the urinary stone risk factors. This is an acceptable method 
based on the knowledge that the imbalance of urinary stone 
risk factors exposes patients to a greater recurrence rate. 
Studies, either prospective or retrospective, have shown that 
urinary stone risk factors, particularly low volume and high 
calcium, are associated with a shorter relapse interval.” 

However, besides being a surrogate end point, urinary 
indexes also present the disadvantage of being multiple, thus 
needing multiple comparisons implying an increase above 
the nominal value of the chances of incurring in the type I 
error rate (i.e., false-positive findings). When dealing with 
multiple end points, the classical solutions are: (1) to select a 
single urinary index beforehand as primary end point, which 
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is appropriate whenever the treatment is specifically aimed at 
correcting its abnormal values; (2) to “cut down” the alpha 
level used to declare statistical significance according to the 
number of tests performed; this procedure, however, sub- 
stantially increases sample size requirements; (3) to use mul- 
tivariate tests for simultaneously comparing several urinary 
indexes, but this approach usually requires a number of rigid 
Statistical assumptions; and (4) to create a composite end 
point; that is, to declare the effect of intervention in each 
individual when at least one of a prespecified list of results is 
reached, an approach that can, however, cause substantial 
interpretation problems.*°° 


34.9 Issues in Data Analysis 


34.9.1 The Intention-to-Treat Principle 


Randomizing the participants between the treatment groups 
is the fundamental step adopted for preserving the study 
from biases. Even randomization, however, would not 
allow achieving this goal fully unless two other requirements 
are met: 


1. Outcome is to be assessed in even and unbiased ways in 
every patient. As outlined before, to accomplish this 
requirement one has to “blind” (i.e., mask) whenever 
possible treatment assignments to both patients and clini- 
cal staff including those assessing the outcome. 

2. Safeguards have to be taken to prevent missing data from 
randomized patients becoming an important source of 
bias in the comparison of the treatment groups.*° 


To accomplish the latter goal, the investigator has to imple- 
ment steps aimed at evaluating all randomized patients at the 
scheduled visits. All the randomized participants must be 
included in the final analyses. Even more importantly, they 
have to be analyzed according to the treatment they were 
originally allocated to, regardless whether they had not 
received all the treatment, or had received the wrong treat- 
ment (out of mistake or outside drug prescription), or had 
withdrawn from treatment because of adverse effects. In an 
intent-to-treat study, treatment interruption (“dropouts”) 
should never lead to withdrawal from the study. Any analysis 
that involves post hoc exclusions of information (such as 
“per protocol” analysis, in which patients are analyzed 
according to the treatment actually administered), can sub- 
stantially alter the comparability between the study groups, 
which is the very primary goal of the randomization process. 
Patients should not be withdrawn from treatment because of 
lack of “success” or compliance failure, unless safety con- 
siderations dictate patients be administered alternative 


treatments. Even in such instances, the patients’ follow-up 
should continue as scheduled. Thus, irrespective of the 
causes of withdrawal from the treatment, every patient should 
continue to be followed-up and to undergo all scheduled out- 
come evaluations until the study is completed, or withdrawal 
becomes unavoidable because of the patient’s death. This 
approach also requires the patients never be labeled as “drop- 
outs.” Of course, the patient is free to withdraw his/her con- 
sent to participate in the trial at any time, because of changes 
or adversity in their everyday life or whatever other reason. 
Their request should always be complied with without preju- 
dice. Obviously, patients will be welcomed back into the trial 
whenever they wish to be reinserted under their original 
follow-up schedule, and analyzed within their originally 
randomized treatment allocation. 


34.9.2 Subgroup Analyses 


An analysis technique commonly employed is to divide the 
study population into subgroups, such as to allow the com- 
parison between control and intervention within each sub- 
group. The aim is to identify the categories of patients most 
likely to benefit from the treatment. Great caution must be 
exercised in performing such analyses because they lead to 
multiple testing, which implies an increase in the type I error 
rate (i.e., the probability of false-positive findings), and a 
loss of power leading to false-negative findings.*' 

The weakest type of subgroup analyses are the “post hoc” 
analyses — the analyses suggested by the data themselves. 
Subgroup analyses should, on the other hand, be based on 
sound prior knowledge. Ideally, they should be planned 
before starting the trial by explicitly stating this purpose in 
the study protocol. 

An example of subgroup analyses that seems appropriate 
in trials on kidney stones concerns those regarding the gen- 
der, the degree of severity of the disease, and the type of 
kidney stones when the study population is heterogeneous in 
this regard. For example, in our RCT on the effect of normal- 
calcium, low-salt, low-protein diet in hypercalciuric recur- 
rent men, based on the assumption that the diet cannot be 
effective upon stones already in formation, we performed a 
subgroup analysis by selecting men at high risk, namely 
those with a history of five or more episodes of colic in the 
year before randomization and/or ten or more stones formed. 
This permitted us to assess that dietary treatment was poorly 
effective in the more severely affected patients.’ Furthermore, 
in RCTs testing the prophylactic effect of allopurinol on 
stone recurrences, the subgroup analysis showed a greater 
reduction of relapse rate in the hyperuricosuric than in non- 
hyperuricosuric patients." 
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Subgroup analyses are usually performed by computing 
the confidence intervals of the intervention effects in each 
subgroup separately.’ The formal statistical test is the “test 
of interaction,’ which is the test for the difference between 
the effects observed in each subgroup. This test, however, 
lacks statistical power. 


34.9.3 Longitudinal Data Analysis 


When examining the effect of a treatment on urinary indexes, 
we have to deal with the baseline measures and their change 
over the follow-up. Statistical comparisons in this setting 
can be made in several ways. In the absence of baseline 
imbalance, the simple comparison of urinary indexes at the 
end of the trial (posttreatment) is usually adequate. If, how- 
ever, there is a data imbalance at baseline, the commonest 
approach is to adjust posttreatment differences for baseline 
difference using a regression technique known as ANCOVA 
(ANalysis of COVAriance). Alternatively, a “change” variable 
can be created (posttreatment minus pretreatment value). 
The latter approach, however, does not eradicate the spurious 
statistical correlation between baseline and posttreatment 
values: If, for instance, a patient has by chance a high value 
at baseline, this abnormality will subsequently tend to dis- 
appear by virtue of the statistical phenomenon known as 
“regression to the mean.” 

When examining a long series of measurements over the 
course of the follow-up, regression methods for repeated 
measurements should be used.“ 


34.9.4 Interim Analysis 


Sometimes an interim analysis of the treatment effects may 
become necessary to decide whether the difference between 
the two arms is large enough as to permit the earlier termina- 
tion of the study. This may happen whenever the study find- 
ings have an urgent public impact, whenever new evidence 
emerges to suggest that one of the treatments under evalua- 
tion is potentially hazardous or ineffective or the study design 
was wrong, and/or precious economic or human resources 
are being wasted. Issues of this kind rarely emerge, however, 
in RCTs on kidney stone disease. Anyway, if interim analy- 
ses are planned, they imply that the alpha level used to 
declare statistical significance must be corrected in order to 
maintain the type I error probability. At each interim analy- 
sis, the level of significance is chosen in such a way as to be 
the more stringent (more conservative); the lower is the num- 
ber of patients and length of follow-up cumulated up to the 
time of the interim analysis. For the subsequent statistical 
tests, the original alpha level (say 0.05) is to be cut down by 


the amount of “significance” spent for performing the previ- 
ous interim statistical tests.*° 


34.10 Peculiar Types of Study Design 


34.10.1 Within-Subject Study: 
The Crossover Design 


The crossover design, by eliminating the error (the “noise’’) 
due to between-patient variability, requires fewer subjects to 
be recruited compared to the parallel group design, with a 
considerable saving of resources. 

Subjects are given all the treatments in sequence. As out- 
lined previously, the assumption underlying this study design 
is that the effects of the first intervention do not carry over to 
the second treatment period. To provide a safe ground to this 
assumption, it is necessary to perform an adequate “washout 
period.” Moreover, if all subjects receive the two treatments 
in the same order, observed differences between treatments 
would be confounded with any other changes that occur 
naturally over time. The two treatment, two-period cross- 
over trial overcomes this difficulty by having half of the sub- 
jects receive treatment A followed by treatment B, while the 
other half receive B followed by A. Any temporal trend that 
might favor B over A in one group will favor A over B in the 
other group and cancel out of the treatment comparison.“ 

In nephrolithiasis intervention trials, if the primary end 
point is “stone rate,” crossover protocol is not applicable. On 
the other hand, this kind of study design lends itself more 
profitably for assessing the effect of pharmacological or 
dietary interventions on urinary stone risk factors. Several 
kidney stone RCTs have chosen this approach to assess the 
changes in urinary stone risk factors associated with the 
intervention.” 


34.10.2 Additivity and Synergism: 
The Factorial Study 


Sometimes the question might arise on whether two dif- 
ferent treatments exert additive or synergic effect on the 
risk of kidney stones. This issue is best examined by plan- 
ning a “factorial study,” whereby each treatment arm rep- 
resents one of all the possible combinations of the 
treatments being tested.“ Imagine, for instance, a factorial 
study in which calcium stone formers are randomized to 
thiazide diuretic or KCitrate with the outcome measure 
being the stone rate recurrence. The 2x2 design would 
imply four treatment groups namely, Diuretic and KCitrate 
(“withDiuretic—withCitrate”), Diuretic and Placebo 
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(“withDiuretic-withoutKCitrate”), Placebo and KCitrate 
(“withoutDiuretic-withKCitrate”), and Placebo and 
Placebo (“withoutDiuretic-withoutKCitrate”). Additivity 
occurs whenever the joint effect of the two treatments 
results from the sum of their separate effects. On the other 
hand, synergism occurs when the joint effect of two treat- 
ments is greater than would be expected from the sum of 
their separate effect. The formal statistical hypothesis of 
synergism is the test for an interaction between the effects 
(i.e., departure from an additive model). In our hypotheti- 
cal example, additivity occurs whenever the higher the 
number of treatments the higher is the efficacy. In other 
words, the “withDiuretic/withKCitrate” combination (two 
treatments) is more efficacious than either “withDiuretic— 
withoutK citrate” or “withoutDiuretic-withKCitrate” (one 
treatment), and all these are in turn more efficacious than 
“withoutDiuretic-withoutKCitrate” (zero treatments). On 
the other hand, synergism occurs when the efficacy of 
Thiazide Diuretic used in combination with KCitrate 
(which is measured as the difference between “withDi- 
uretic—withKCitrate” and “withoutDiuretic-withKCi- 
trate”) is superior to the efficacy of Thiazide Diuretic used 
without KCitrate (which is measured as the difference 
between “withDiuretic—withoutKCitrate” and “withoutDi- 
uretic—withoutKCitrate”). In other words, the use of 
KCitrate modifies (potentiates) the effect of thiazide 
diuretic. 


34.10.3 The Dose-Response Study 


Sometimes the trial, whether based on parallel groups or 
crossover comparison, aims at assessing what is the most 
efficacious dose of the intervention to administer to the 
patients. Accordingly, patients are allocated to the placebo 
arms or to groups corresponding to each one of distinct lev- 
els of the dose of the drug or the intake of a nutrient or ele- 
ment. This is a powerful design, in that it not only reinforces 
the evidence about the efficacy of the treatment being tested, 
but also provides information about the minimal efficacious 
intervention. The latter issue is particularly important when 
the treatment is poorly tolerated by the patients, thus causing 
problems of compliance. As an example, such design would 
be useful to investigate the effect of different levels of NaCl 
intake on kidney stone recurrence in calcium stone formers. 


34.11 Conclusions 


The general rules recommended for the correct implementa- 
tion of the RCTs? apply also to kidney stones, namely,: a study 
population of adequate size and adequate length of follow-up, 
accurate definition of the therapeutic intervention and clinical 


setting, randomization for treatment allocation, outcome 
assessed in a like manner, minimal missing information, and 
intention-to-treat principle as a guide for data analysis. 
However, in many published studies these rules often have not 
been complied with; certainly not out of carelessness, but 
because of the difficulties inherent in the natural history of 
kidney stone disease, a disorder that affects otherwise “healthy” 
subjects who become hardly interested in prophylaxis once 
the acute pain of the colic has became a remote memory. 

In spite of the relatively high prevalence of the disorder, it 
is striking to notice the lack of large trials recorded in the 
medical literature, especially with regard to the general prac- 
tice setting. This neglect can be partially attributed to the 
lack of interest by the pharmaceutical industry. Due to the 
paucity of effective drugs available in the pharmaceutics 
market, nephrolithiasis can be rated almost as a drug “orphan” 
disease. For these reasons, effort should be made by institu- 
tional researchers to fill this gap. 


Appendix 
Sample Size Formulas 


All the formulas include the following quantities: 


Zpen Which reflects the power of the study, and ae 


which reflects the level of significance of the statistical test. 


Z sereta) is chosen according to the following table: 


Power (%) Z a 
80 0.842 
85 1.036 
90 1.282 
95 1.645 
Usually, Zap = 1-960 (it means that the two-sided alpha level is 5%) 


In the formulas that follow, “2N” is the total sample (half 
that number being allocated to each treatment arm). 


Continuous Measurement 
(e.g., Urinary Indexes) 


In the following formulas, 6 (delta) is the hypothesized dif- 
ference (or the clinically relevant difference) between 
means of the intervention and control group; o(sigma) is 
the standard deviation of each group (based on results 
obtained from earlier trials). The formulas assume a large 
sample (say, well above 30) and the outcome measure being 
normally distributed. 
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Parallel Group Design 


When the comparison is performed between the mean of the 
urinary index taken at the end of the study period (e.g., two 
sample t-test), the formula is the following: 


2 2. 
4x (Zan + Zg) xo 
ô? 
On the other hand, in a longitudinal study in which each 
subject has n measurements of the same urinary index, and 


the outcome is the average response of these n measure- 
ments, the formula is the following: 


y a £ Za a xo {1+(n-1)x p} 
n 


2N = 


Where p(rho) is the correlation between measurements 
within each subject. 


Crossover Study 


Where 6 (delta) is the difference on the same patient between 
the two treatments (PRE e POST) and o,(sigma,) is the stan- 
dard deviation of this difference. The latter quantity can be 
obtained from the following formula: 


o; =2xo’ x(1-p) 


where p(rho) is the correlation between the PRE and POST 
measurements. 


Time to Failure (i.e., Recurrence Rate) 


In the following formula, A,(lambda,) is the hazard rate of 
recurrence in the intervention group and A(lambda,) the 
hazard rate of recurrence in the control group. 


on a 2% Zo + 2p)" x [pA + eA] 


(A, = Ae y 
Where: 
Vi 
P(A) = 1- et 


where oA.) [phidlambda,)] and HA) [phi(lambda,)] are 
obtained by replacing A(lambda) in @(A,) [phi(lambda,)] 
with A.(lambda,) or å (lambda,), respectively; T is the fol- 
low-up period. 

Consider, however, the instance in which the investigator 
has access only to data on the recurrence risk in the control 
group, such as probabilities of recurrence-free survival, 
hazard ratio, or median time until recurrence. The latter 
parameters can be derived from the hazard rate, and easily 
converted into one another provided that a couple of assump- 
tions are met, namely that survival probability follows a 
mono-exponential model (i.e., survival probability changes 
as a fixed proportion per unit time because the rate of recur- 
rence is constant over the follow-up) and the proportional 
hazard assumption (i.e., the relative reduction in the stone 
recurrence due to treatment is constant over the entire study 
period). Below we show how to perform the conversions. 

If Adambda) = hazard rate of recurrence (incidence rate of 
recurrence), M=median time until recurrence, R,=recur- 
rence at time t, S =probability of being free of recurrence at 
time t, HR=relative Hazard (Hazard Ratio), then: 


M= —Log, (0.5)/ A(lambda) 
S,=1-R 
R=1-S, 


A(lambda )=—Log, (1- R, )/ t 


ontrol 


HR =A (lambda ia + A(lambda y 


HR = Moontrol at Mimervention 


HR = Log, (1 _ peon J+ Log, (1 N R) 


R, = 1—exp(—A (lambda )* t) 
Ree = 1 _ ( _ Ro y 


For instance, a 25% and 50% 5-year risk of stone recur- 
rence (i.e., 0.25 and 0.50 risk of recurrence) corresponds to a 
1-0.25=0.75 (i.e., 75%), and 1-0.5=0.5 (i.e., 50%) proba- 
bility of recurrence-free survival. The incidence rate of recur- 
rence is —Log(0.75)+5=0.058 (i.e., 5.8 recurrences per 100 
person-years follow-up) and —Log(0.50)+5 =0.139 (i.e., 13.9 
recurrences per 100 person-years follow-up), respectively. 
The median time until recurrence is —Log(0.5) + 0.058 = 12 
years, and —Log(0.5) + 0.139=5 years, respectively. The 
Hazard Ratio (HR) is Log(0.75) + Log(0.50)=0.42.'°4° 
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Abstract The current epidemiology of urolithiasis in children has been described in numerous 
surveys conducted in various countries showing different patterns of the disease. A pattern 
of relatively rare calcium-based upper tract stones is prevalent in children from industrialized 
countries. Endemic bladder stones, composed of uric acid and calcium oxalate in the presence 
of sterile urine, are typical of children living in developing countries, especially in rural areas. 
However, the incidence of endemic bladder stones is gradually decreasing, as poverty and 
infantile malnutrition disappear and affluence spreads to all social classes. 

Other patterns of urolithiasis can also be observed in relation to genetic and socioeconomic 
or climatic factors. Cystinuria and hyperoxaluria account for up to 5-15% of pediatric stones. 

Infection stones, mainly composed of struvite and carbonate apatite, are associated with chronic 
infection and often related to poor health conditions. In particular, boys are prone to infected 
stones, although this type of calculi is decreasing in Western countries. Upper urinary stones com- 
posed of calcium oxalate mixed with calcium phosphate and uric acid are becoming frequent in 


tropical regions where the risk of stone formation is compounded by low urine volume. 
Prematurity, neurological problems, ketogenic diet, and reconstructed or augmented blad- 
ders are increased risk factors for stones in babies. 


35.1 Introduction 


Urolithiasis can occur in children even in neonatal life. It has 
been characterized by a pattern of either relatively rare cal- 
cium-based upper tract stones in children of industrialized 
countries or endemic bladder stones in young ones in devel- 
oping countries — especially in rural areas. In the course of 
the twentieth century, there has been a gradual decrease in 
the incidence of endemic bladder stones, as poverty and 
infantile malnutrition have gradually disappeared and afflu- 
ence has spread to all social classes. 

At the present time, upper urinary tract stones are preva- 
lent in children living in economically developed countries, 
whereas bladder stones, composed of uric acid and calcium 
oxalate in the presence of sterile urine, are still present in 
developing countries, although upper urinary tract stones are 
becoming more frequent also in these geographical areas. 
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Faculdade De Engenharia, Universidade Católica Portuguesa, 
Rio de Mouro, Portugal 
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35.2 Western Countries 


During the first years of life, the incidence of urolithiasis varies 
greatly according to where we are born with all extrinsic risk 
factors and other intrinsic risks carried individually.’ This 
variance occurs not only in the way it presents itself but also 
in its frequency, being very rare in industrialized countries, 
but constituting a serious threat to public health in undevel- 
oped areas. Stone type and composition also change from 
industrialized countries to developing ones and also the asso- 
ciated metabolic alterations.” Worldwide, girls have a slightly 
decreased risk for renal stone disease compared to boys, but 
there was no clear gender preference in either Western 
Europe or the USA; and the age distribution shows that for 
half of the children suffering from calculi, diagnosis was 
made before they reached school age. 

Studies analyzing race and childhood stones found that in 
the USA, 80% of children with stone disease are Caucasian.’ 
In Germany, Borgmann and Nagel found that Turkish chil- 
dren who were born in West Berlin suffer from urolithiasis 
2-2.5 times as often as German children of the same age 
groups.’ Stone localization is moving toward the upper 
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urinary tract. In the past, people had mainly urinary bladder 
stones, and in these cases, the majority of patients were male. 
Today, stones containing oxalate are being found more often. 
In children, a high proportion of mixed concrements in stone 
analysis is more common now. The rate of recurrence for 
children also varies, but is very high and figures between 
15% and 25% are frequently found. These figures will be 
even higher if we have children with cystine stones or uri- 
nary infections not controlled by antibiotics.! 

In industrialized countries today, renal and ureteric stones 
are the most common, whereas in developing countries, vesical 
stones are most frequently found, as was the case in nineteenth 
century Europe.’ In societies of abundance, lithiasis usually 
occurs in the upper urinary tract in patients with malformations 
and/or urinary infection often associated with metabolic disor- 
ders such as hypercalciuria, hyperoxaluria, or inborn errors of 
metabolism such as cystine and other dibasic amino acids. It is 
not uncommon to find hypercalciuria associated with urinary 
infection, thus altering the composition of the stone, as we have 
already stressed. In cases of urinary infection, struvite stones, 
caused by the urease-splitting organisms Proteus and Klebsiella, 
are expected, but may have additional components, such as 
oxalate, due to a different metabolic environment.>? 

Stones of different composition can be found when there 
are additional risks such as prematurity, dehydration, use of 
furosemide in the neonatal period, or in human immunodefi- 
ciency virus (HIV) patients taking Indinavir.'°'’ Other drugs 
can be involved. A prospective study shows the possibility that 
use of ceftriaxone may also be associated with stone formation 
in children.'* Also sulfadiazine-associated stone has been 
described in HIV-positive adult patients but rarely in children. 
Catalano-Pons et al." report two pediatric cases and review 45 
adult cases. The first child had a hyper-immunoglobulin M 
(IgM) syndrome and was treated with sulfadiazine for cerebral 
toxoplasmosis, the other had toxoplasmosis retinitis. Both 
developed multiple bilateral stones with acute renal failure. 
Normalization of renal function and reduction of calculi size 
were rapidly achieved after discontinuation of sulfadiazine, 
encouragement of hyper-hydration, and alkalinization. 

Whenever there is a situation of hyperparathyroidism, 
renal tubular acidosis, hypervitaminosis D, sarcoidosis, 
immobilization, etc., stones are often found related to hyper- 
calciuria. Stones are also present as a result of malabsorption 
syndromes.'* 

Stones have been associated with use of the ketogenic diet 
in children with refractory seizure disorders. Clinical charac- 
teristics of 18 children presenting with stones (8 uric acid 
stones, 6 mixed calcium/uric acid stones, 1 calcium oxalate/ 
phosphate stone, 3 stones not evaluated) were compared with 
characteristics of non-stone-forming children initiating the 
ketogenic diet at Johns Hopkins, by Furth et al.'° Since July 
1996, 112 children initiating the ketogenic diet have been 
followed. Prospectively, children initiating the ketogenic diet 
revealed that almost 40% had elevated fasting urine calcium/ 


creatinine ratios at baseline; increasing to 75% after 6 months 
on the diet. Hypercalciuria, acid urine, and low urinary cit- 
rate excretion are found if the diet is maintained; these added 
to a low fluid intake increased the risk for both uric acid and 
calcium stone formation. 

Kielb et al.” stressed the risk of nephrolithiasis with this 
ketogenic diet and reported it as being as high as 10%. They 
also found hypercalciuria, elevated urinary uric acid and 
hypocitruria and serum acidosis. Fluids and bicitrate are rec- 
ommended as a prophylactic measure. 

The most recent accident caused by addition of melamine 
to milk for children, retailed in China, stresses the impor- 
tance of extrinsic factors on the etiopathogeny of stones. On 
the 13th September, 2008, the Chinese health minister con- 
firmed the death of 1 child and the appearance of stones in 
the urinary tracts of 452 other children all under 1 year of age 
and fed with a milk formula containing one of the triazines 
isomers. These figures increased dramatically weeks later, 
and older children were also involved. 

The triazine structure is a heterocyclic ring, analogous to 
the six-membered benzene ring but with three carbons 
replaced by nitrogen. The three isomers of triazine are dis- 
tinguished from each other by the positions of their nitro- 
gen atoms. The best-known 1,3,5-triazine derivative is 
melamine. 

Melamine is a thermosensitive polymer used in industry 
for making plastics, fertilizers, and resins. In 2007, this sub- 
stance was responsible for the death of numerous domestic 
dogs and cats in the USA. It was incorporated into dry pet 
food with the same idea of appearing to increase the protein 
content when being tested. This additive thickens watered 
down milk and, when tested, the milk appears to have nor- 
mal protein content. The appearance of renal stones in 
Chinese babies is a valid epidemiological experimental 
model showing the importance of food additives that can 
alter urine composition, cause renal lesions or crystalluria, 
all of which are responsible for the formation of renal stones. 
Very quickly it was understood that the number of child 
deaths in China had increased, that about 50,000 children 
were drinking formula containing melamine and that all 
products containing milk with this additive (biscuits, sweets, 
chocolate milk, etc.) were being retailed in Chinese super- 
markets throughout Europe. Therefore, we can assume that 
this will be an influential agent on the stone population in 
general, although on a smaller scale than in China. 

General speaking, in children, the results from different 
case series show that the frequency of different stone compo- 
sition is between 45% and 65% for calcium oxalate, 14-30% 
to calcium phosphate, 13% to struvite, 4% for acid uric, and 
4% for mixed miscellaneous.” 

The various epidemiological studies available show differ- 
ences between the USA and Europe. In the USA, lithiasis 
accompanies the metabolic alterations responsible for hyper- 
calciuria whereas in Europe, urinary infection is by far the 
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most frequent risk factor, often associated with malformation 
of the urinary tract. In Europe, studies show that urinary 
infection occurs in 30-90% of children with lithiasis whereas 
in the USA, it only affects around 20%. 

A recent study in England (1987-2004) compares data 
from this period with data from a previous study done 30 
years ago and concludes that: there has been a shift in the 
epidemiology of pediatric renal stone disease in the UK 
over the past 30 years.” Underlying metabolic causes are 
now the most common but can be masked by coexisting 
urinary tract infection. From 121 patients, a metabolic 
abnormality was found in 44% of the children, 30% were 
classified as infective, and 26% idiopathic. Bilateral stones 
on presentation occurred in 26% of the metabolic group 
compared to 12% in the infective/idiopathic group. 
Coexisting urinary tract infection was common (49%) in 
the metabolic group. 

In 1975 from England and Ireland, Ghazali” gave us the 
results of 152 children with urinary stones followed between 
1972 and 1973 and stated, “There was a marked male pre- 
ponderance particularly evident in early life. In 124 children 
the urine was infected on admission, in 87, particularly the 
younger children, this was with the Proteus species. 
Awareness of the relationship between Proteus urinary infec- 
tion and matrix calculi is stressed.” 

In another more recent study, van’t Hoff*' analyzes etio- 
logical factors in pediatric urolithiasis and concludes that 
children, particularly boys, are prone to infective stones, 
although this type of calculi is decreasing in Western coun- 
tries. Cystinuria and hyperoxaluria each account for 5-15% 
of pediatric stones. Prematurity, neurological problems, 
ketogenic diet, and reconstructed or augmented bladders are 
increased risk factors for stones. 

In /taly, Trinchieri et al.” give us some useful information 
about children in a group of 2,086 consecutive patients 
who visited the stone clinic in Milan over a period of 15 
years. In all of the group, calcium stones accounted for 61% 
of cases; infection, uric acid/calcium oxalate, and cystine 
stones accounted for 24%, 8%, 5%, and 2%, respectively. 
Nephrolithiasis was more prevalent in males (male-to-female 
ratio 1:0.76), while infected stones were more frequent in 
females (male-to-female ratio 1:1.6). The peak age incidence 
of renal calcium stones occurred in the third to fifth decades, 
although about 3.4% reported onset of disease in the first and 
second decades of life. The onset of cystine stones was 
always in the first and second decades. Recurrence was 
around 50%. Cystine and uric acid groups had the highest 
recurrence rate. A metabolic defect could be found in 54% of 
the patients with idiopathic calcium stones. The prevalence 
rate of hypercalciuria was 33%. In struvite stone patients, the 
incidence of persistent infection was 46% (Proteus 18%). In 
this group, an underlying disease of the urinary tract was 
diagnosed in 18.8%, whereas a positive metabolic alteration 
was demonstrated in 8.5%, a urinary risk factor for metabolic 


stone disease in 42%, and a previous episode of metabolic 
stone disease in 33%. 

Another study was done by La Manna et al.” on Italian 
children with symptoms of recurrent abdominal pain, dysuria, 
and hematuria, occurring alone or in combination. Hematuria 
was the presenting symptom in 41% of patients and was the 
only urinary finding in more than one-third. Clinical data from 
196 children aged 0.9-15.9 years were studied. Renal ultra- 
sound examination revealed hyperechogenic spots in renal 
calyces (<3 mm in diameter) assumed as “calyceal micro- 
lithiasis.’ There was a history of urolithiasis in 70.4% of 
patients in at least one first- or second-degree relative. 
Hypercalciuria was present in about one-third and hyperuricu- 
ria in one-fifth of the patients. Of 29 patients who were fol- 
lowed for at least 2 years, 9 developed calculi 4-7 mm in 
diameter. For the authors, “calyceal microlithiasis” possibly 
represents the first step in stone formation and possibly 
Randal’s Plaques. 

Results from a Spanish study — including 130 children suf- 
fering from urinary stones, aged between 4 and 6 years, and a 
male-to-female ratio of 2.5:1 — show the reality of another 
country.” There were 108 cases of reno-ureteric lithiasis and 
23 vesico-urethral lithiasis. In 69 cases, pyelocalyceal lithia- 
sis predominated. Bilateral stones were found in 30% of the 
children, and in 19%, a staghorn calculi was present. Study of 
these cases failed to indicate whether obstruction of the upper 
urinary tract (14%) or infection (27%) was the cause or the 
effect of the lithiasis. In this study, eight cases of cystinuria 
(6%), one of glycinuria, one of hyperoxaluria, and seven of 
hypercalciuria were identified. It is the author’s belief that, at 
least in Spain, lithiasis in children would appear to be essen- 
tially idiopathic. However, 40% of these cases of lithiasis 
were secondary to obstruction of the urinary tract and/or uri- 
nary infection. All types of entero-uroplasty were lithogenic 
(six cases) and 32% of the children had a Proteus infection, in 
contrast with a recent study in adult males with enteric blad- 
ders substitutions showing stone incidence in only 1%.” 

Fourteen children were treated medically and 125 surgi- 
cally: 70% are stone free and 7% have a residual lithiasis. 
The low recurrence rate achieved according to the conclu- 
sions is due to a complete surgical removal of the stone. 

The incidence of nephrourolithiasis among children in 
Denmark was studied during the period 1994—2003. Thirty- 
two cases were admitted, diagnosed, and treated in two 
Danish pediatric departments.” All patients underwent 
radiological examination and metabolic evaluation. Kidney 
stone analysis was performed in 14 of the 32 cases (44%). In 
21 children (66%), there were one or more predisposing fac- 
tors to stone formation, the most common being urinary tract 
malformation, found in 40% of the cases, of which 42% pre- 
sented with hypercalciuria. 

When looking at data from countries like Germany, we 
must take into account that modern Germany includes what 
used to be two separate countries with different development 
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and economic characteristics as well as the fact that many 
patients are children of immigrant parents, as can be seen 
from the following study by Borgmann and Nagel.’ One hun- 
dred eighty-one of 2,606 patients hospitalized due to uro- 
lithiasis during a 12-year period were younger than 15 years 
(6.9%). They found the incidence of urolithiasis in children to 
be 1-5%, which, at least in Central Europe, corresponds 
approximately with that in adults. The risk factors involved 
were: malformation of urinary tract in 35.9%, infection in 
80.7%, and metabolic disorders in only 5.5% of patients. 
Stone analysis showed a predominance of phosphate- 
containing calculi. Follow-up was done in 154 children over 
periods of 6 months to 11 years. “Recurrent stones” were 
seen in 32 patients; however, the exact comparison of pre- 
and postoperative X-ray films showed that in 17 cases the cal- 
culi had not been completely removed during surgery (11%). 
Consequently, the true recurrent stones were present only in 
15 children (9.9%). Since the population of West Berlin 
includes a high percentage of Turkish people, they conclude 
from the data presented that even those Turkish children who 
were born in West Berlin suffer from urolithiasis 2—2.5 times 
as often as German children of the same age groups. 

For additional information from autopsied patients, it is 
worthwhile to look at two studies from Germany and the 
Ukraine. Both these studies compare stone data from chil- 
dren with that from adults, and from countries not too far 
from each other but certainly with different realities. 

In 27,133 autopsies done at Pathologisch-Anatomisches 
Institut Stralsund in the area of Riigen-Stralsund, the fre- 
quency of urolithiasis was 6%. Data show that obesity, hyper- 
tension, and diabetes mellitus may increase the tendency 
of cholelithiasis patients to develop additional urolithiasis. 
Urethral and urinary bladder calculi are more frequent among 
male patients. In the autopsy material, multiple calculi and 
bilateral cases occur more frequently. Some of the calculi 
may develop at a very advanced age.” 

The other study that also uses data from autopsies and 
carried out in Central Europe shows that children in the first 
years of life can have lithiasis.” With this autopsy data, 
Kurennaia et al. show that urolithiasis is found in 3.6% of 
100 cases, most frequently in men (62 cases) over 40 years of 
age. In two-thirds of patients, the length of the disease was 
under 8 years, rarer over 15 years. In most cases, renal 
involvement was bilateral (72 patients). More than 70% had 
two or three operations. A pathogenetic relationship was 
found between urolithiasis and malformations of urinary 
tract, urinary stasis neurogenic related, prostate hyperplasia, 
and metabolic disorders. 

France follows the rest of Europe, although some changes 
are noted from one region to another. For detailed informa- 
tion on stone composition found in children, important for 
making an etiological diagnosis of the disease, we resume the 
results found by Daudon.” Detailed calculi analyzed from 727 


children confirmed that calcium oxalate was the main compo- 
nent in 36.7% of cases, followed by calcium phosphate (31%), 
struvite (9.9%), and purines (7.7%). The most frequently 
observed crystalline form was carbapatite (26%), then whew- 
ellite (21%) and weddellite (15.7%). As regards the etio- 
pathogenic aspect in adults, the relations between 
hypercalciuria and weddellite, and between hyperoxaluria 
and whewellite are also found in the child: In subjects with 
hypercalciuria, 82% of the calculi contained over 20% wed- 
dellite; and in subjects with hyperoxaluria, whewellite was 
the major constituent in 79% of cases (or 95% in the absence 
of associated hypercalciuria). In 27 calculi mainly composed 
of whewellite, the morphological analysis indicated primary 
hyperoxaluria. Urinary infection is associated with stones, 
but its lithogenic role cannot be confirmed without stone anal- 
ysis. Also from France and confirming the importance of 
metabolic anomaly and infection, Naoumis* presents a study 
carried out on 33 stone children. Four out of 12 had hyperox- 
aluria, 6 hypercalciuria, and 2 cystinuria. In 14 children, 
stones were associated with infection. No metabolic defect or 
anatomic malformation could be found in seven of the 
children. 

In Portugal, in a national survey conducted by Reis- 
Santos*! in 1975 involving all the country, based on a sample 
of 43,033 persons, the standardized lifetime stone prevalence 
in children under 15 was 0.4% in females and 0.2% in males. 
Table 35.1 and Fig. 35.1 show the distribution of standardized 


Table 35.1 Lifetime stone prevalence (%) in Portugal by gender and 
age group found in 43,033 individuals 


Urolithiasis in Portugal lifetime prevalence (%) 
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Gender <15 <30 <45 <60 <75 <90 <105 
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Fig. 35.1 Lifetime stone prevalence in Portugal by gender and age 
group 


35 Epidemiology of Pediatric Urolithiasis 


413 


lifetime stone prevalence (%) by gender stratified by age 
group (15 years) in Portugal. 

Results from the study population show a lifetime preva- 
lence of urolithiasis in Portugal of 7.2% in the general popula- 
tion. When analyzed by gender, the global sample (n = 43,032) 
shows similar figures for male (7.217%) and female (7.096%). 

Distribution of lifetime prevalence (%) stratified by age 
group (5 years) can be seen in Fig. 35.2. As regards the 
youth population, the initial peak up to school age and the 
beginning of a new high at 15 years should be noted. 

In this survey, univariate analysis shows that stones were 
gender related only in two age groups, summarized in 
Table 35.2. The same survey gives some information about 
the recurrence rate expected in this group (Table 35.3). 

Defining the true stone incidence rate as the rate of new 
stones formed in individuals with no previous history of 
stones, we have analyzed the incidence of stones in Portugal 
in the year prior to the survey. For the whole group, the inci- 
dence rate was 701/10° persons per year. See results stratified 
by age group in Table 35.4. 

Recently, the same author (Reis-Santos, J) studied the 
incidence of urolithiasis in children based on hospital admis- 
sion, collecting Portuguese hospital data from 2002 to 2007. 
This chapter presents unpublished data and analyzes the data 
collected during the last 6 years (2002-2007) from all admis- 
sions in all the Portuguese hospitals connected to the National 
Health Service. There were 5,663,903 admissions to the 85 
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Fig.35.2 Results of lifetime stone prevalence (%) in all the population 
stratified by age group (5-year intervals) 


hospitals covering the country, 1,113,836 of which were 
individuals of 18 years of age or younger. Over the period in 
question, 279 children were admitted and treated with a 
diagnosis of lithiasis. Figures 35.3-35.6 present data relating 
to their age, distribution by gender, and year of admission. 
Table 35.5 summarizes data related to 279 patients age 
18 or under with urolithiasis, treated during hospital admis- 
sion between 2002 and 2007 in Portugal. The study of these 
patients (age 18 or under) shows slight differences as regards 
gender, as well as variations in the incidence of admission 
for lithiasis over the years in question, with a marked increase 
in 2007. These variations may not only be due to the illness 
itself but also to changes in the health system policy. For 
example, the majority of patients treated by extracorporeal 
shock wave lithotripsy (ESWL) are now treated as outpa- 
tients — even children. It should be noted that because the 
group has been extended to 18 years, we are encountering 
more young women with lithiasis. Figures 35.5-35.9 sum- 
marize age separated by gender as well as incidence of lith- 
iasis for each year in the group of children admitted. It can be 
said that the incidence values, at present time, calculated 


Table 35.3 One stone episode versus stone recurrence. Distribution 
by age group (15-year intervals) 


Age group One stone episode Recurrent 
FEM MALE 
% (n=657) % (n=576) %(n=683) % (n= 528) 
0-14 12 03 0.1 0.2 
15-29 10.2 6.8 6.9 4 
30-44 48.6 41.1 42.3 27.8 
45-59 19.2 31.1 28.8 40.3 
60-74 15.1 14.6 16.4 21.6 
5-89 52 59 52 4.9 
290 0.5 0.2 0.2 1.2 


Table 35.4 Stone incidence per year, by age group, in Portugal 
Age group (n = 40,033) 0-14 15-29 30-44 45-59 60-74 >75 
407 917 1,086 835 1,119 


Incidence rates 35 
(stones/105 
persons-year) 


Table 35.2 Summary of univariate analysis of ratio between gender and formation or non-formation of stones, taking into account the various age 


groups 
Age (age group) Odds ratio 
0-14 N 2.34 
15-29 X 1.59 
30—44 Y Li) 
45-59 N 0.90 
60-74 N 0.93 
27/5) N 0.90 


IC 95% X (mantel-Haenaszel) P value 
0.71, 8.49 2.34 0.126 
MOTAN 11.00 0.0009 
1.07, 1.36 53 0.0020 
0.78, 1.04 2.00 0.1577 
0.77, 1.13 0.57 0.452 
0.63, 1.27 0.41 0.521 


* Significant at P<0.01 
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Fig. 35.4 Male distribution of lithiasis by age 


from hospital registers, are lower than those found, for 
example, in other European countries and the USA. However, 
it must be noted that these values may reflect several biases 
and may, for various reasons not related to the natural history 
of the illness, overestimate the sample values. Based on data 
taken from the 1975 survey, it can be added that in Portugal 
only 3.9% of individuals did not go to the doctor during their 
first stone episode. Out of the whole sample, regardless of 
age, 31.6% (n = 935) of those who were medically assisted 
were admitted to hospital but, if we only consider children, 
this figure is 100%. These data show the importance of the 
hospital in this type of pathology and also give credibility to 
all the information collected from there — information that 
relates to the majority of stone patients. The standardized 
values found for lifetime prevalence in the 1975 survey are 
within those found throughout Western Europe and show 
that, in Portugal, prevalence in women is increasing and now 
approximates the values for men, with the first stone episode 
occurring at the beginning of adulthood. Table 35.5 presents 
the results of stone incidence from the same survey.’ In 
Portugal, composition of the first stone is now calcium 
oxalate and not struvite as it used to be in the past.” 

A study recently carried out in Jceland,* a country with 
a high standard of living, shows some very interesting 
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Fig. 35.6 Median child age distribution and Std by year of lithiasis 


results. All children under 18 who, with a first episode of 
kidney stones, were seen at pediatric referral centers in 
Iceland during the years 1995-2000 were studied retro- 
spectively. Clinical and imaging studies support the diag- 
nosis of stones: 15 females and 11 males, median age 9.4 
(range 0.2-14.9) years, experienced 34 episodes of kidney 
stones. The incidence was 5.6 and 6.3 per 100,000 children 
younger than 18 and 16 years of age, respectively. Micro- 
hematuria was present in 21 patients (80.8%), sterile pyuria 
in 17 (65%), and 2,8-dihydroxyadeninuria in 2. Six patients 
(23%) had urinary infection at the time of diagnosis and 
five (20%) had urinary tract anomalies. One-third of the 
patients gave a family history of kidney stones. Metabolic 
risk factors were identified in 22 of 23 patients (96%) who 
underwent evaluation. Hypercalciuria was present in 18 
patients (78%), 9 patients (35%) spontaneously passed the 
stone, and 6 had recurrent stone episodes. In Iceland, kid- 
ney stone incidence in children is high compared with other 
Western populations, curiously affecting females more than 
males, underlying that metabolic risk factors were common. 
It should be emphasized that, until October 2008, Iceland 
had the highest standard of living in the world. 
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Table 35.5 Summary of data related to 279 patients aged 18 or younger with urolithiasis, treated during hospital admission between 2002 and 


2007 in Portugal 


Children with stones 


Incidence/1,000/ 
children admissions/ 


Total children admissions 


Total admissions Age < 18 
2002 948,933 32 
2003 969,615 47 
2004 943,701 50 
2005 942,778 28 
2006 949,269 46 
2007 909,607 76 


Total 5,663,903 Total 279 


Age < 18 years year 

200,329 0.15973 
199,051 0.23612 
184,743 0.27064 
179,891 0.15565 
179,724 0.25594 
170,098 0.44680 


Total: 1,113,836 


In the USA, incidence of lithiasis in the pediatric com- 
munity varies between 1 in 1,000 and 1 in 1,760 hospital 
admissions, depending on whether or not the child lives in 
the known “stone belt” region.' In the USA, as in other parts 
of the world, the prevalence of stones changes geographi- 
cally. A study involving more than one million individuals 
carried out in the USA clearly shows a north-south and 
west-east gradient, with the highest prevalence occurring in 
southeastern areas.’ Other risk factors are involved such as 
infection, metabolic alterations, diet, malformations, genet- 
ics, and others like anywhere else.” 

In the early 1980s, O’Regan et al.” found pediatric uro- 
lithiasis accounting for 1:4,090 hospital admissions. Forty 
percent of patients had no identifiable predisposition to uro- 
lithiasis. Eight patients presented with hematuria in the 
absence of renal colic, suggesting that pediatric urolithiasis, 
although uncommon, is an important cause of painless 
hematuria. 

VanDervoort et al.” in the Schneider Children’s Hospital, 
New York, conducted a retrospective, single-site review to 
test the hypotheses that the incidence of urolithiasis in pedi- 
atric patients increased from 1994 to 2005, and that meta- 
bolic abnormalities were more common in patients with 
renal stones in the final 3 years of the study period. Medical 
files from two time periods were reviewed, 1994-1996 
(period 1) and 2003-2005 (period 2). Clinical and laboratory 
data were recorded. The results show that the number of 
stone patients increased from 7 in period 1 to 61 in period 2. 
When expressed as cases per 100 new patients, the incidence 
increased 4.6 times (p = 0.014). Considering period 2, 28% 
of patients were younger than 10 years. While blood tests 
were generally normal, 76% of patients had at least one 
abnormality in the 24-h urine collection. Hypocitraturia, the 
most common metabolic abnormality, was registered in 52% 
of patients. Surgery and/or ESWL was needed in 12 children 
and recurrence found in 39%. The study confirmed a fivefold 
increased incidence of stones in children during the last 
decade. Hypocitraturia, follow by hypercalciuria, is the most 
common metabolic abnormality. A high recurrence rate, 
around 40%, was recorded. 


Gearhart et al. between June 1979 and June 1989, 
studied 54 children with urolithiasis at the Johns Hopkins 
Children’s Center. Symptoms of flank or abdominal pain 
(58%) and gross hematuria (28%) were common. In 46 chil- 
dren (86%), stones were secondary to a preexisting condi- 
tion, and in only 8 (14%), no apparent cause of stone 
formation could be found. Thirty-six patients (66%) had a 
solitary stone, most commonly found in the kidney. Urinary 
tract infections were present in 25 (47%) of the patients. 
Stones composed either of calcium oxalate or struvite were 
the most frequently recovered in these patients with infec- 
tions. Thirty-nine percent spontaneously passed their stones 
whereas 43% required either surgery or ESWL. Twenty 
percent had recurrence, with follow-up periods ranging from 
1 month to 10 years. 

From University of Florida, Lim et al.” report the results 
of managing pediatric urolithiasis during a 10-year period. A 
retrospective review is presented of 100 patients up to age 18 
years who were treated for urolithiasis between 1984 and 
1994. The mean follow-up was 36 months. They found in 
42 patients structural anomalies of the urinary tract requiring 
additional management. Metabolic abnormalities in 48 
included hypercalciuria, and 76 of the 100 patients had iden- 
tifiable predisposing factors. Procedures included ESWL 
in 42 cases, basket extraction with or without ureteroscopy 
in 20, percutaneous nephrostolithotomy in 11, litholapaxy in 
12, and open surgery in 25 cases. 


35.3 Non-Western Countries 


The current epidemiology of urolithiasis in children from 
non-Western countries is described in numerous surveys 
conducted by various countries showing different patterns of 
the disease. 

Endemic infantile bladder calculi composed of ammo- 
nium urate and calcium oxalate are still fairly widespread in 
huge rural areas, although their incidence is decreasing in 
proportion as social conditions gradually improve. This form 
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Fig. 35.7 Prevalence in children admitted for lithiasis 
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of urolithiasis is due to malnutrition in the very early years of 
life and, more particularly, to precocious weaning together 
with a cereal diet. Other patterns of urolithiasis can also be 
observed in relation to different socioeconomic and climatic 
factors. Infection stones mainly composed of struvite and 
carbonate apatite are associated with chronic infection and 
are often related to poor health conditions. Calcium oxalate 
and phosphate reno-ureteric stones similar to those observed 
in children of Western countries are a common pattern in 
highly industrialized areas of East Asia such as Japan or in 
white populations of Australia or South Africa. 

Finally, upper urinary stones composed of calcium oxalate 
mixed with calcium phosphate and uric acid are becoming 
frequent in tropical regions where the risk of stone formation 
is compounded by low urine volume. 

In some geographical regions, different patterns can be 
observed in the same geographical area during different 
periods of time due to concomitant variations in socioeco- 
nomic conditions. 

According to UNICEF data, non-industrialized countries 
can be divided in some relatively homogeneous regions in 
terms of economic and health conditions: Sub-Saharan 


Africa, North Africa and Middle East; South Asia, East 
Asia and Pacific; Latin America and Caribbean; Central 
Eastern Europe and Commonwealth of Independent States 
(CEE & CIS). 

South Asia and Sub-Saharan Africa have the highest lev- 
els of children suffering from poor nutrition (respectively 
46% and 38%). Accordingly, the list of the least developed 
territories with per capita income of less than $438 (US dol- 
lars) includes most countries of Sub-Saharan Africa and 
South Asia together with a few countries of East Asia (Laos, 
Cambodia, Timor) and the Middle East (Yemen). 

South Asia includes India, Pakistan, Afghanistan, Nepal, 
and other countries with a PNL per capita of 777 USD in the 
year 2006. 

Although some areas of India are now rapidly developing, 
bladder stones in Indian children are still reported in high 
prevalence in the Hindu populations of slum areas in associa- 
tion with poor incomes and consumption of cereal-based 
diets with minimal or poor protein intake.*°“! 

Bladder stones account for a large proportion of surgical 
admissions also in Nepal with a striking prevalence of male 
subjects.” 

Reports from Afghanistan* described prevalent endemic 
bladder stones in particular in males younger than 5 years of 
age. Stones consisted of calcium oxalate and uric acid, and 
their formation was related to poor nutrition mainly based on 
wheat bread with very low intakes of milk and dairy prod- 
ucts, eggs, and meat. 

Also in the least developed countries of other regions of 
East Asia and the Middle East, endemic childhood bladder 
stones with a high male-to-female ratio are frequent. 

In the 1970s, bladder stone was a common disease of 
childhood in Indonesia with an estimated incidence of 
8.3/100,000 population per year, a peak age of onset of 
2-4 years, and a male/female ratio of 12:1.“ Diarrhea was 
common in the majority of the patients who were from 
poor families with a diet low in protein and phosphate. The 
stones were primarily composed of ammonium acid urate 
and associated to high levels of urinary ammonia in sterile 
urine. This urinary pattern is consistent with excretion of a 
high acid load, due to both an acidogenic rice diet com- 
bined with a low level of phosphate intake and to chronic 
diarrhea. 

In Laos,“ bladder stone removal is still the commonest of 
all surgical procedures performed on children, who often 
present a history of frequent episodes of diarrhea associated 
with the introduction of white rice into their diet as early as 
the first week of life. 

Bladder stones were the commonest stones in children in 
Sub-Saharan Africa, although in more recent years, there 
has been a progressive increase in the number of operations 
for upper tract stone, suggesting a change in the pattern of 
urolithiasis also in this region. 
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In Sudan,“ calcium oxalate stones were the most fre- 
quent (about 40% of all childhood stones), but ammonium 
urate stones typical for underdeveloped countries are still 
common (30%). Infectious stones (struvite and carbonate 
apatite) accounted for 5% of stones in children. 

In the northern Sahelian belt of Cameroon,” pediatric 
endemic bladder stone disease is still present with mixed 
stones of ammonium urate, struvite, and whewellite. Infection 
associated with malnutrition seemed to be the most common 
cause of stone formation associated with a low level of socio- 
economic development as a predisposing factor, especially 
in male rural dwellers. 

A similar pattern of bladder stones with ammonium acid 
urate and calcium oxalate monohydrate as the major con- 
stituents was described in young children in Niger.” 

On the contrary, in other countries of Central and Southern 
Africa, urinary calculi are generally reported as uncommon 
in black people and mainly related to infection and concomi- 
tant diseases of the lower urinary tract. In spite of widespread 
poverty, vesical lithiasis in infancy is rarer, probably because 
prolonged breast feeding is common practice (>50% chil- 
dren still breast feeding at 20-23 months). 

Bladder stones in children were once endemic in North 
Africa and in a belt of countries from the Balkans through 
Asia, but this pattern has been recently changing. 

Until the end of the twentieth century, in some areas of 
North Africa, stones in children were described as predomi- 
nantly located in the bladder, more frequent in males, and 
composed of calcium oxalate, with ammonium as the main 
component of the nuclei.” 

More recently, in Algeria, upper tract stones became pre- 
dominant in children, especially in males.*' Stone composi- 
tion remained similar but ammonium urate was now less 
frequently found in the nucleus of the stone. The presence of 
struvite stones has not decreased over recent years, account- 
ing for about 30% of all stones and being more frequently 
observed in women. 


Also in Tunisian children, urinary stones are mainly 
composed of whewellite and located in the upper urinary 
tract in up to 75% of cases with a male-to-female ratio 
of 2:1.°73 

Endemic urolithiasis, defined by its nucleus composed of 
ammonium urate without struvite, represented 40% of cases, 
whereas the analysis of the stone suggested that urinary tract 
infection was involved in the nucleation or growth of a third 
of all calculi. Exclusive metabolic factors, including genetic 
diseases, such as primary hyperoxaluria or cystinuria, and 
hypercalciuria, were responsible for less than 25% of cases. 

Pediatric urolithiasis is still endemic in the southeast of 
Turkey, but stones are now localized mainly in the upper 
urinary tract, with metabolic disorders, anatomical defects, 
and infected stones as the most relevant etiological factors. 

Also in Iraq,” primary endemic bladder calculi are now 
less frequent than in the past, but urolithiasis remains a seri- 
ous problem. Upper tract stones, often multiple and bilateral, 
are frequent, whereas bladder stones account for only 10% 
of cases. Early onset of presentation, high male-to-female 
ratio, family history of stones, and consanguinity were com- 
mon features. Metabolic disorders are considered the com- 
monest causes (50-75%) of urinary stones, although they 
can be masked by associated urinary tract infections. 
Staghorn calculi associated with recurrent urinary tract infec- 
tion still occurred in 15% of the cases. 

In Armenia,~ renal stones are more prevalent than bladder 
stones and male patients predominate. Calcium oxalate is the 
most frequent constituent in stone composition, but infec- 
tious calculi and endemic stones are still common, although 
progressively decreasing. 

In Iran,” urolithiasis amounts to 1 case in 300 pediatric 
hospitalizations. The location of the stones is more frequent in 
the upper urinary tract, with calcium oxalate as the most fre- 
quent component followed by ammonium acid urate. Metabolic 
disorders, including cystinuria and xanthinuria (6%), as well 
as anatomic malformations were identified in about 25% of 
the cases. Staghorn calculi accounted for 11% of the total. 

In the Arabian Peninsula, upper tract location of stones is 
prevalent in children and stones are more frequent in males. 
In Kuwait**° the incidence of urolithiasis in the pediatric age 
group was estimated in only 6.9 per 100,000 population. 
Calcium oxalate was the main component of all stones but 
the proportion of urate stones was also relatively high (25%); 
whereas in Yemen the nucleus and/or the main component 
of the stones was ammonium urate in about 75% of the cases. 
In Kuwaiti children, metabolic causes were found to be the 
major predisposing factors to stone formation (hypercalciu- 
ria, hyperoxaluria, cystinuria, and xanthinuria) and strong 
family aggregation of stone disease was reported. Also in 
Saudi Arabia,°' hereditary disorders are common. Urinary 
tract infection and obstruction were demonstrated in less 
than 10% of the cases. 
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In Jordan,” most pediatric patients had upper tract stones, 
with males dominating the series and prevalence of calcium 
oxalate and uric acid stones. The causative factors or cofac- 
tors were infection, malformations, and urodynamic abnor- 
malities, whereas metabolic disorders were rare. 

In Israel,°** urinary stone disease was frequently found 
in Oriental Jewish children, as well as in Arab children 
(0.29/1,000 and 0.26/1,000, respectively), but was rare in 
Jewish children of Ashkenazic European origin (0.04/1,000). 
In southern Israel, urolithiasis is predominant in Bedouin 
toddlers. Prevalence was greater for Bedouin than for Jewish 
children (1.02 versus 0.13 cases/1,000 inhabitants at risk 
respectively, P < 0.01). The more frequent stone location 
was the upper urinary tract (about 90%), with stones made of 
calcium salts in 80% and urinary tract infections associated 
in 24% of cases. A family history of stones is frequent, sug- 
gesting that hereditary factors could have a role in the higher 
incidence of the disease. 

In particular, the higher incidence of childhood urolithia- 
sis in Arab children in Israel has been related to a higher 
frequency of hypercalciuria (57%) (and to a lesser extent of 
hyperuricosuria). 

Cystinuria is especially common among Libyan Jews who 
suffer from non-type I associated with disease mutations in 
SLC7A9, with the high carrier rate resulting from a single 
missense mutation (V170M).°” 

A peculiar form of stone disease has been described 
in Aboriginal children living in tropical and desert regions 
of Australia who are at risk of developing urate stones in 
their upper urinary tract not associated with anatomic 
anomalies. 

This pattern of urolithiasis differs from the usual pattern 
of either endemic bladder stones in young children in devel- 
oping countries or predominantly calcium-based stones in 
the upper tract of older children in affluent industrialized 
countries. 

A report from the Goldfields region of Western Australia 
described urate renal stones as acommon finding in Aboriginal 
children. In a community, stone attack rate was nearly one in 
ten children presented per year. Stones present at a very young 
age (<5 years) with urinary tract infections and failure to 
thrive. These radiolucent calculi were only recognized with 
the availability of ultrasound diagnosis and often require sur- 
gical removal. Stone disease appears to resolve spontaneously 
after the weaning period, but in some cases results in ureteric 
obstruction and infection, which may lead to renal damage 
including renal scarring and hypertension. 

Carbohydrate intolerance might be an etiological factor 
together with chronic diarrhea and intraluminal breakdown 
of sugars by enteric bacteria, resulting in a condition of 
chronic metabolic acidosis.”! 

In Australia, stone disease in Caucasian children pres- 
ents at a later age (median 10.5 years) and most calculi are 
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associated with an underlying urological or metabolic 
abnormality.” 

In Japan,” the prevalence of urolithiasis in children is low 
and it has been associated with a low prevalence of hypercal- 
ciuria. An extensive screening for cystinuria was done dem- 
onstrating chemical cystinuria 920 to 1, cystine crystalluria 
16,000 to 1, and homozygous cystinuria 18,000 to 1.” 


35.4 Conclusions 


The pattern of urolithiasis in children still varies according to 
the region of the world paralleling with the socioeconomic 
and health level of the particular population. In developing 
countries, presenting patterns are similar to those observed 
in other parts of the world, but the relative frequency of the 
various patterns remains different. However, features of uri- 
nary stone disease are tending to evolve in the same direction 
as in industrialized countries. 
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Metabolic Stone Disease in Children 


Kemal Sarica and Mustafa Berber 


Abstract When compared with the adult population, with an overall 1-2% incidence, urinary 
stone disease in children is relatively rare but often associated with metabolic abnormalities 
that can lead to recurrent stone episodes, emphasizing the necessity of full metabolic evalu- 
ation after the first stone episode. As a recurrent pathology, which may reveal functional as 
well and morphologic changes in the urinary tract, each child should be evaluated thoroughly 
on an individual basis. 

The pathology is associated with considerable morbidity, with recurrence rates of 6.5—44%. 
Without close follow-up and medical management, stone recurrence rates have been reported 
to be as high as 50% within 5 or 6 years. In children, stone recurrence rates range widely from 
3.6% to 67% and appears to be highest in children with metabolic abnormalities. The rate of 
stone recurrence in our previous report was 4% during a 5-year follow-up period. 

Given the high risk of subsequent calculus formation, it could be argued that all children 
should undergo some form of evaluation to determine the cause of their kidney stone and to 
help plan proper management strategies. It is well-known that certain groups of children 
should undergo a full metabolic workup due to the high risk of recurrence. Through these 
efforts future stone formation and/or growth may be controlled in the pediatric population, 
limiting the morbidity of this disease. 


36.1 Introduction factors predispose children to urolithiasis, of which metabolic 
and genitourinary anomalies are particularly important. These 
factors are frequently combined with dietary, environmental, 
and infectious causes where underlying metabolic abnormali- 
ties may be present in approximately 50-75% of patients.** 
Due to the common presence of metabolic abnormalities, 
stone disease may recur in this specific population more often 
than adults. Therefore, children require a thorough anatomic 
and metabolic evaluation for a proper treatment plan to pre- 
vent further stone formation. Remarkable improvements in 
the understanding of both physicochemical principles and 
pathophysiology of stone formation have increased the need 
for a thorough metabolic evaluation, and medical treatment is 
crucial in the prevention of the recurrences in these patients. 


Pediatric urolithiasis is a relatively rare disease in developed 
countries, and in different series the prevalence values have 
been reported to be ranging from 2% to 2.7%.'* Although 
recent studies have shown that the annual incidence is increas- 
ing in Western populations,’ stone formation is uncommon 
in children younger than 2 years of age. In contrast to the 
marked predominance of male stone formers in adults, boys 
seem to be affected slightly higher by stone formation than 
girls.>° While the majority of the calculi (up to 90%) are 
located in the upper urinary tract in developed countries,’ 
lower urinary tract calculi are seen more frequently in devel- 
oping ones. Calcium-containing calculi (calcium oxalate and 
calcium phosphate) constitute the most common stone type 
and nearly 75% of all stones are of this composition.’ Several 


36.2 Pathophysiology 
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Stone formation is a complex process beginning with crys- 
tallization and followed by crystal growth, aggregation, and 
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adherence (Fig. 36.1), among which crystal formation has 
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Fig. 36.1 The sequence of events leading to urinary stone formation 


been defined as an important step for the initiation and growth 
of urinary stones. 

These steps are promoted or inhibited by a number of 
chemical and environmental factors. Supersaturation is 
defined as the concentration of a solute that is higher than the 
solubility for that substance and necessary for the crystalliza- 
tion process. It depends on the total daily excretion of the 
substances and urine volume. Although the concentration of 
solutes is the principal determinant, ionic strength, pH, 
promoter and inhibitor factors also play important roles in 
stone formation. Although urine is often supersaturated with 
calcium oxalate, calcium phosphate, or sodium urate, concen- 
trations of mineral solutes vary throughout the day. In a large 
series study, the relative risk for stone formation was found to 
be strongly correlated with urinary calcium concentration.’ 


In addition to the supersaturation of the urine, some promot- 
ing factors were also found to be necessary to trigger new 
stone formation. Of these factors, some urinary macromole- 
cules, salt crystals and lipids, which may act as a nuclei or an 
aggregation factor for crystals, have been evaluated in differ- 
ent studies.'™" Another important factor for stone formation 
is pH of the urine, which may closely affect the solubility of 
urinary stone forming risk factors, resulting in an increased 
risk of crystal formation. While alkaline pH may ease the for- 
mation of calcitum-containing stones, acidic urine lowers the 
solubility of uric acid and cystine crystals.'* So urine pH may 
act either as a promoter or an inhibitor factor, making this 
parameter sometimes important as a therapeutic approach. 
Inhibitors are the substances that interfere well with the crys- 
tal surface, resulting in crystal growth limitation or formation 
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of soluble complexes.'~'’ These natural inhibitors include 
citrate, magnesium, pyrophosphate, glycosaminoglicans, and 
nefrocalcin. To form a stone, crystals must reach a sufficient 
size to obstruct or adhere to a renal tubuli. After this step, 
these crystals may act as a nuclei and promote the stone for- 
mation. But these steps are very variable and in the majority 
of cases they do not form urinary stones. Children who form 
stones usually have underlying predisposing metabolic fac- 
tors and/or anatomical abnormalities causing higher excretion 
of solutes, urinary obstruction, or urinary tract infection. '® 


36.3 Clinical Presentation 


In adults, the typical features of nephrolithiasis are flank pain 
and/or hematuria being present in more than 90% of the 
cases. But in children, these typical symptoms are less com- 
mon, and age is the key factor for signs and symptoms. While 
in adolescence, approximately 90% of affected children 
present with pain and hematuria, at school-age these symp- 
toms may be present only in 70% of the cases. Under 5 years 
of age, however, these symptoms may be found only in 50% 
of patients.*'? Although infants with urinary calculi, usually 
present with colic pain, in younger children abdominal pain 
is more common than renal colic. 

Hematuria (macroscopic or microscopic) was found in 
14-90% of the cases in different age groups of children.*”** 
Sometimes hematuria may be present in children with hyper- 
calciuria and hyperuricosuria without any urinary stone.*~’ 
Urinary stones may be present with urinary infection or ster- 
ile pyuria, especially at preschool age children. Usually the 
diagnosis is made during investigation of a urinary tract 
infection or sterile pyuria with radio-sonographic findings.’ 
Dysuria and urinary frequency are manifestations of bladder 
or urethral stones being rare in children. 

In developed countries, approximately 90% of urinary 
stones found in upper urinary tract and bladder calculi com- 
monly originate from the kidneys. Primary bladder stones 
were usually seen in developing countries and referred to as 
endemic bladder stones.” These stones were seen in 
younger children and related with dietary factors.*°*! 
Especially a diet with whole grain cereals, oxalate rich veg- 
etables with low calcium, animal protein, and phosphate 
increases the risk for developing such stones.” In Western 
countries, however, primary bladder stones are usually 
related to bladder malformations. 

Calcium-containing stones are the most common types of 
nephrolithiasis, and of all the calculi evaluated 40-60% were 
calcium oxalate, 15-25% were calcium phosphate, 10-25% 
mixed stones, 17-30% magnesium ammonium phosphate 
(struvite), 10% cystine, and 2-10% were uric acid calculi in 
different series. 5782833-35 


36.4 Metabolic Factors 


The majority of children with stone disease have at least one 
predisposing factor and these factors are identifiable in 
approximately 75% of the patients.°“**° Tekin et al.,” evalu- 
ated the metabolic status of 78 cases with idiopathic calcium 
stone formation and demonstrated that hypocitruria and 
hyperoxaluria were 4.3- and 3-fold more common in stone 
formers than in normal controls, respectively. Due to the 
presence of underlying metabolic disorders, recurrence rates 
have been found to be higher (65%) than the normal popula- 
tion.’ In a long-term follow-up study, Noe et al., investigated 
the recurrence rate in hypercalciuric patients and found that 
33% of patients had at least one recurrence in 4—15 years and 
40% of patients had multiple recurrences.” Patients who had 
abnormal urinary tract structure also had metabolic abnor- 
malities and chronic infection being 39% and 29%, respec- 
tively.” Certain medical conditions have been shown to be 
associated with renal lithiasis in children. Calcium oxalate 
stones have been found to be quite common in malabsorptive 
states, resulting in enhanced uptake of oxalate and subse- 
quent increased urinary oxalate excretion.” Children with 
cystic fibrosis had significantly elevated oxalate excretion 
compared to normal healthy children.” All these data show 
that there is a tendency for stone recurrence in children with 
these identifiable risk factors that should be investigated 
carefully.1"! 
Metabolic risk factors for nephrolithiasis are as follows: 


e Hypercalciuria 

e Hyperoxaluria 

e Cystinuria 

e Hyperuricosuria 
e Hypocitraturia 


36.4.1 Hypercalciuria 


Hypercalciuria was defined as excess urinary calcium excre- 
tion greater than 4 mg/kg/day measured in a 24-h urine col- 
lection or urinary calcium/creatinine ratio greater than 0.21 
while taking a normal daily diet.” During the first 2 years 
of life, children tend to have higher calcium and lower crea- 
tinine excretion. Adolescents, however, may have slightly 
higher calcium excretion during rapid growth periods. 
Hypercalciuria is the most common cause of pediatric uro- 
lithiasis and can be found in 4% of the normal population.***° 
It is not a single disease or entity but it is a condition that 
may be associated with genetic, endocrine, dietary, and renal 
disorders (Table 36.1). Children with hypercalciuria gener- 
ally have normal blood calcium and, in most cases, no under- 
lying pathology being described as idiopathic hypercalciuria. 
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Table 36.1 Factors associated with urolithiasis 


Factors Pathology Conditions 


Hypercalciuria Genetic Idiopathic 

Dent’s disease 
Seyberth syndrome 
Williams syndrome 
Dietary calcium excess 
Vitamin D excess 
Ketogenic diet 
Phosphate depletion 
Corticosteroid 

Loop diuretics 
Hyper-hypothyroidism 
Adrenocorticoid excess 
Hyperparathyroidism 
Immobilization 
Rickets 

Malignancies 

JRA 

Renal tubular phosphate 
leak 

Impaired renal tubular 
calcium absorption 
Type 1 (distal) renal 
tubular acidosis 
Bartter syndrome 
Prematurity 

Metabolic acidosis 
Increased renal 


Dietary 


Drugs 


Endocrine diseases 


Bone metabolism 


Renal tubular 


Dysfunction 


Other 


prostaglandin E2 
production 
Hyperoxaluria Dietary excess or Primary hyperoxaluria 
chronic I and II 
malabsorption 
Cystinuria Genetic Cystinuria 
Hyperuricosuria Genetic HPRT deficiency 
Dietary Ketogenic diet 
High protein diet 
Drugs Salicylates 
Phenylbutazone 
Sulfinpyrazone 
Other Malignancies 
Tumor lysis syndrome 
Diabetes 
SIADH 
Hypocitraturia Tubular Distal RTA 
dysfunction Hypokalemia 
Dietary Ketogenic diet 


HPRT hypoxanthine phosphoribosyltransferase, RTA renal tubular 
acidosis, SIADH syndrome of inappropriate secretion of antidiuretic 
hormone, JRA juvenile rheumatoid arthritis 


Two different types of idiopathic hypercalciuria were 
described, the first type of which was related to excess gas- 
trointestinal calcium absorption. The calcium-—creatinine 
ratio is normal in fasting condition in these children. The sec- 
ond type is related to excess renal excretion, and dietary cal- 
cium restriction does not affect the urinary calcium levels.*°“* 
Although the pathophysiology of idiopathic hypercalciuria is 
unclear, some patients with this pathology have an increased 
number of vitamin D receptors compared with controls.” 


Some of these patients have familial penetrance, but the 
responsible gene has not been identified so far. The disease 
appears to be transmitted as an autosomal dominant trait with 
incomplete penetrance, as 40-65% of patients have a posi- 
tive family history.” Hypercalciuria could be assessed in 
nearly half of the children with urinary stones and it is 
strongly associated with hematuria despite the absence of a 
stone. In a prospective study, Stapleton et al., found that 27% 
of children with unexplained hematuria had hypercalciuria, 
and when urinary calcium was reduced by treatment, hema- 
turia resolved in the majority of the cases.° Hypercalciuria 
may also cause dysuria, urinary urgency, and perhaps recur- 
rent urinary tract infections.” While in some studies 4-17% 
of patients did develop urinary stones,” in a prospective 
study, 8 of 65 patients with hypercalciuria and hematuria 
developed calculi in a 4-year follow-up period.” Garcia et al., 
revealed that 17% of patients developed urolithiasis where 
the mean period between hematuria and stone formation was 
13.1 months without any predictive factor. 

Dent’s disease is a rare X-linked recessive disorder related 
to a specific chloride channel (CLCNS), which is located on 
Xp11.22. This pathology affects proximal tubule, loop of 
Henle, and medullary thick ascending limb, and causes hyper- 
calciuria, low molecular weight proteinuria, nephrolithiasis, 
and nephrocalcinosis.*’** The same chloride channel is associ- 
ated with four different entities: Dent’s disease, X-linked 
recessive hypophosphatemic rickets, and low molecular weight 
proteinuria with hypercalciuria and nephrocalcinosis.” 

Other causes of hypercalciuria, such as use of corticoster- 
oids and loop diuretics, distal renal tubuler acidosis, dietary 
excess calcium intake, hyperparathyroidism, immobilization, 
hypo- or hyperthyroidism, osteolytic metastases, idiopathic 
hypercalcemia of infancy, sarcoidosis, and hypervitaminosis 
D could be mentioned. 


36.4.2 Hyperoxaluria 


Hyperoxaluria is found in up to 20% of children with nephro- 
lithiasis.°°° Oxalate is an end product of normal purine and 
aminoacid metabolism where endogenous oxalate is produced 
in the liver. Dietary oxalate is also important, and beets, tur- 
nips, strawberries, sweet potatoes, wheat bran, tea, cocoa, pep- 
per, chocolate, spinach, dill, nuts, and citrus juices are defined 
as oxalate rich foods. Dietary oxalate normally combines with 
calcium in the intestine, and under normal conditions, 10% of 
the total oxalate excreted in urine comes from food, but in 
malabsorption syndromes fatty acids combine with calcium 
and leads to the excess oxalate absorption.°'? Renal oxalate 
excretion reflects endogenous and exogenous oxalate load. 
Primary hyperoxaluria is a rare autosomal recessive 
disorder caused by deficiency of hepatic alanine glyoxylate 
transferase (AGT) (Type 1) or glyoxylatereductase/hydroxypy 
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ruvate reductase (Type 2). This deficiency leads to a moderate 
to marked hyperoxaluria.*™ The gene of the enzyme of type 
1 disease is located on chromosome band 2q37.3 and the type 
2 enzyme is located on chromosome 9.° The enzyme defi- 
ciency also leads to hyperglyceric aciduria. Type | disease is 
more severe than type 2 disease and patients with type 2 dis- 
ease usually do not have any symptoms until the second or 
third decade of life.“ Due to moderate to marked hyperoxalu- 
ria, recurrent nephrolithiasis occurs during infancy in type | 
disease. Stone disease may progress to end-stage renal failure 
at early ages. When the glomerular filtration rate (GFR) 
decreased to 30 mL/min/m’, blood oxalate level increases 
rapidly, resulting in calcium oxalate depositions in multiple 
organ systems (oxalosis). At this stage, aggressive dialysis is 
the primary treatment alternative. 

Pyridoxine is the cofactor for AGT enzyme and, in cases 
with type | disease, pyridoxine should be a part of the treat- 
ment regimen. One-third of patients do respond to pyridoxine 
treatment.“ Additionally, neutral phosphate administration, 
alkalinization of urine pH, and high fluid intake are beneficial 
measures to prevent urinary supersaturation with calcium 
oxalate and to reduce the stone-forming activity.” Diagnosis 
of hyperoxaluria requires a 24-h urine collection, and hyper- 
oxaluria is defined if urine oxalate level exceeds 1.0-1.5 
mmol/1.73 m?/24 h. Urine oxalate excretion is higher during 
infancy.® 

Secondary hyperoxaluria may occur due to malabsorption 
states, ethylene glycol poisoning, renal tubular acidosis 
(RTA), pyridoxine deficiency, sarcoidosis, and ingestion of 
large amounts of vitamin C. 


36.4.3 Cystinuria 


Cystinuria is an autosomal recessive disorder of renal tubular 
and intestinal reabsorptive transport of cystine and the dibasic 
amino acids (ornithine, arginine, and lysine).” Mutations of 
the SLC3A1 gene on chromosome arm 2p and the SLC7A9 
gene of chromosome 19 are responsible for the disease.” 
Cystine stones account for only 6-8% of all urinary calculi in 
children in developed countries. Cystinosis has a wide range 
of incidence worldwide,” where the estimated incidence is 
1/2,000 in England and 1/15,000 in the USA. A large amount 
of cystine is excreted in urine that cannot be absorbed by the 
tubules. Due to the low solubility, soluble cystine is limited to 
1,000 u(micro)mol/L (240 mg/L) in normal urine, and cys- 
tine crystals form in children with high excretion.” Cystine 
crystals have a characteristic flat hexagonal shape. These 
crystals can be seen in 25% of patients.” In suspected cases, 
a positive nitroprusside test indicates excess excretion of cys- 
tine, which needs to be confirmed by a 24-h urine collection. 

Cystine stones are radiopaque stones, which generally 
begin to form during the first decade of life in these children. 


Therefore, a diagnosis of cystinuria often is delayed for sev- 
eral years. The majority of cases are asymptomatic until the 
second or third decade of life. Patients with homozygous 
forms of cystinuria have lifelong recurring stone formation.” 
First-line therapy consists of increased oral fluid intake and a 
low-salt diet. Alkaline pH increases the solubility of cystine, 
and alkalinization of the urine is an important part of treat- 
ment.” Ifstoneformationcannotbecontrolled, D-penicillamine 
can be added to the therapy. 


36.4.4 Hyperuricosuria 


As a weak acid, uric acid is the end-product of purine 
metabolism. Its solubility is mainly dependent with urinary 
pH and decreases in acidic urine. Idiopathic uricosuria is 
often familial and asymptomatic where a defect in renal 
tubular reabsorption or increased secretion may cause the 
disease.” Although uric acid crystals may combine with 
calcium oxalate crystals and act as a nidus, this condition is 
uncommon in children. Uric acid stones are responsible for 
3—4% of urinary calculi in pediatric patients. Hematuria is a 
common sign of idiopathic hyperuricosuria” and usually 
accompanies hypercalciuria.° These stones may also occur 
in children in case of a uric acid overproduction. Hereditary 
disorders associated with overproduction of uric acid 
include Lesch-Nyhan syndrome (hypoxanthine-guanine 
phosphoribosyl transferase deficiency), and Type I glyco- 
gen storage disease.*° Increasing cell activity in lymphopro- 
liferative or myeloproliferative disorders and tumor lysis 
syndrome may also raise the uric acid levels. Urolithiasis 
may present as early as the first year of life in patients with 
Lesch—Nyhan syndrome. Another inborn error of metabo- 
lism with hyperuricosuria is hypoxanthine-guanine phos- 
phoribosyltransferase deficiency. The accumulation of 
phosphoribosyl pyrophosphate leads to the overproduction 
of uric acid.'* Patients who have partial hypoxanthine-gua- 
nine phosphoribosyltransferase deficiency also may have 
gouty arthritis.*! 

During early months of life, uric acid excretion is rela- 
tively high and remains higher than adult values through 
infancy.*° However, beginning with 2 years of age, the 
amount of uric acid excreted per deciliter of glomerular fil- 
trate does not vary with age.” A normal value of less than 
0.56 mg of uric acid per deciliter of glomerular filtrate may 
be used after 2 years of age. 

Treatment of hyperuricosuria requires a high fluid intake 
along with the restriction of dietary purines. Alkalinization 
of urinary pH increases the solubility of uric acid. In addition 
to the classical clinical cases, allopurinol may also be recom- 
mended in an attempt to limit uric acid excretion in patients 
with Lesch—Nyhan syndrome or tumor lysis syndrome dur- 
ing chemotherapy.’ 
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36.5 Diagnostic Evaluation 


Evaluation of pediatric patients with stone disease include: 


e Patient history (including diet) 

e Family history of stone disease and genetic disorders 

e Physical examination 

e Detailed urine analysis (urinalysis, urine culture sensitiv- 
ity tests) 

e Blood biochemistry including calcium, renal profile 

e Radio-sonographic imaging 

e Twenty-four hours urine collection 

e Stone analysis (if possible) 


Evaluation of these children should begin with a detailed 
patient history including the history of prematurity. Patient’s 
age at presentation, signs and symptoms of urinary and other 
systems may provide clues for an underlying systemic dis- 
ease. Family history of hematuria, renal failure, urolithiasis, 
arthritis, and gouty disease is also important. Detailed dietary 
history including fluid intake, medications, dietary excesses 
and deficiencies should be obtained. The physical examina- 
tion again includes growth evaluation, bone development, 
body deformities, and blood pressure. Urinalysis is performed 
for the presence of crystalluria, pyuria, or hematuria; and 


Table 36.2 Normal urinary values in school age children: 24-h urine 
collection” 


Calcium <4 mg/kg/day 
Oxalate <50 mg/1.73 mg*/day 
Cystine <60 mg/1.73mg’/day 
Citrate >400 mg/g creatinine 
Uric acid <0.56 mg/dL GFR 
Volume >20 mL/kg/day 


Table 36.3 Normal urinary values in children” 


urinary tract infection could be excluded with urine culture 
and sensitivity tests. Chemical analysis of stone is also impor- 
tant to focus on an appropriate metabolic workup. A 24-h 
urine collection will be helpful while the patient is healthy, 
under normal diet, and usual fluid intake, without any addi- 
tional medication (Table 36.2). The presence and excretion 
rate of urinary stone forming risk factors (calcium, cystine, 
uric acid, sodium, oxalate, and citrate) should be measured. 
Ideally, the urine collection can be obtained at least 6 weeks 
after the passage of a stone. Abnormal values might be veri- 
fied with a repeat collection when necessary. But determina- 
tion of urinary supersaturation for calcium oxalate, calcium 
phosphate, and urate may be helpful if the urine volume is 
greater than 1 mL/kg/h.*’ The creatinine excretion rate may 
be used to verify an adequate urine collection where the 
majority of the children excrete 15-20 mg/kg/24 h.'* Plasma 
levels of calcium, magnesium, phosphorus, creatinine, bicar- 
bonate, and uric acid should be investigated. Lastly, intact 
parathyroid hormone (PTH) levels should be determined in 
children with hypercalciuria or hypophosphatemia. 

If a 24-h urine collection cannot be obtained, random spot 
urine specimen measuring the solute to creatinine ratio can 
be used. But daily urine volume should be measured. The 
normal values of solute to creatinine ratio are given in 
Table 36.3. 

Radiological imaging is an important part of the diagnos- 
tic evaluation of urolithiasis. Most of the calcium containing 
stones is radiopaque on plain films if the size is adequate. 
While struvite and cystine stones are less radiopaque than 
calcium stones,’ uric acid and xanthine stones are radiolu- 
cent being diagnosed easily with ultrasonography and com- 
puted tomography (CT). Ultrasonography can diagnose all 
kind of stones with a false-negative rate of 30% where small 
papillary or calyceal stones along with ureteral calculi may 


Age mg/mg mmol/mmol mmol/mmol 
Calcium/creatinine 0-6 months <0.8 <2.24 
6-12 months <0.6 <1.68 
2-18 years <0.2 <0.56 
Oxalate/creatinine <l year <0.3 <0.061 
1-5 years <0.15 <0.036 
5-12 years <0.1 <0.03 
>12 years <0.1 <0.013 
Cystine/creatinine All ages <0.02 <0.01 
Citrate/creatine All ages <0.51 Male Female 
Infant <19 <0.63 
Child <0.27 <0.33 
Magnesium >2 years 0.12 
Uric acid >3 years <0.56 mg uric acid/dL = <0.03 mmol uric acid/dL 


of glomerular filtrate 


of glomerular filtrate 


GFR: (Urine uric acid x blood creatinine)/urine creatinine 
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be missed.***° Additionally, ultrasonography can outline the 
presence of urinary obstruction or nephrocalcinosis. In a 
study evaluating the sensitivity for plain film, ultrasonogra- 
phy, and CT, these values were found to be 57%, 77%, and 
100%, respectively.*°*’ CT has a high sensitivity and speci- 
ficity (96-98%) and does not require any contrast.” Currently, 
for the prompt evaluation of acute renal colic, non contrast 
CT is the first imaging choice because of its high sensitivity 
for ureteral stones compared to other modalities.™ 


36.6 Treatment 


36.6.1 Medical Treatment 


Because of high recurrence rates of urolithiasis in children, a 
medical approach is an important part of the treatment regi- 
men for urolithiasis (Table 36.4). For all kinds of stones, 
increased fluid intake is the main and essential part of the 
therapy. A high fluid intake prevents the supersaturation of 
the urine and reduces the concentration of the solutes. Again, 
the increased urinary flow helps to remove the crystals before 
they obstruct the renal tubulus. However, it is clear that main- 
tenance of the daily urine output over 2 L for an adolescent 
is usually difficult for a long-term treatment period. 


36.6.2 Hypercalciuria 


High fluid intake and dietary sodium restriction are the initial 
steps for the management of hypercalciuria. Also excessive 
calcium intake should be restricted to that of the recom- 
mended daily allowance recommendations. Children should 


Table 36.4 Selected medications used in the treatment of nephrolithiasis”® 


Chlorothiazide <6 months: 10-40 mg/kg/day 1-2 doses 
6-12 years: 10-20 mg/kg/day 2 doses 
>12 years: 500-2,000 mg/day in 1-2 doses 
Hydrochlorothiazide <6 months: 3.3 mg/kg/day 2 doses 


6-12 years: 2-2.2 mg/kg/day 2 doses 
>12 years: 25-100 mg/day in 1-2 doses 
Children: 2-3 mEq HCO3/kg/day 

3—4 doses 

Adolescents: 30-60 mEq HCO, 3—4 times 
daily 

Potassium citrate: 2 mEq HCO,/mL 
Sodium citrate/citric acid: 1 mEq 
HCO,/mL 

Baking soda: 1 tsp = 42 mEq HCO, 
Sodium bicarbonate IV solution: 8.4%=1 
mEq HCO,/mL (given orally): 4.2%= 0.5 


mEq HCO,/mL 


Urinary alkalinization 


Alkalinizing agents 


avoid vitamin C and D supplementation and high protein 
intake. If the hypercalciuria cannot be well treated with 
dietary measures, thiazide diuretics may be added to the 
therapy. Thiazides mainly affect the renal tubulus by increas- 
ing the absorption of calcium. The effect of thiazide diuretics 
are increased when combined with salt restriction.**” 
Common adverse effects of these drugs are hypokalemia and 
hyperlipidemia. Hypokalemia may cause decreased citrate 
excretion and potassium supplementation might be required 
if necessary. Citrate therapy is helpful in patients with hypoc- 
itrauria and hypercalciuria’'”*. Lastly, amiloride may increase 
the distal tubular calcium reabsorption and may be useful 
with thiazide diuretics. Phosphate is another adjuvant ther- 
apy in cases with hypercalciuria.° 


36.6.3 Hyperoxaluria 


Initial therapy is similar to hypercalciuria with the recom- 
mendation of high fluid and low sodium intake. Additionally, 
avoidance of oxalate rich foods is essential. Citrate, magne- 
sium, and phosphate supplements may also help to increase 
oxalate solubility. In case of an accompanying hypercalciu- 
ria, thiazides could be given. In primary hyperoxaluria 
Type 1, approximately 30% of patients respond to pyridoxine 
medication. Pyridoxine could be given at a dose of 25 mg/day 
initially and may be increased to 100 mg/day. Calcium intake 
should not be restricted, but excess calcium intake may be 
prohibited. 


36.6.4 Uric Acid Lithiasis 


A high urinary flow rate is essential for the management of 
hyperuricosuria. Limiting sodium intake may be useful by 
lowering the uric acid excretion. If these precautions fail, 
supplementation with citrate or bicarbonate will be indicated 
for alkalinization of the urine. In case of failure, allopurinol 
treatment may be necessary to decrease uric acid levels and 
that of excretion. Allopurinol decreases uric acid synthesis 
by inhibiting xanthine oxidase and is useful in disorders 
associated with excess uric acid production. 


36.6.5 Cystinuria 


For cystine stones, treatment aims to increase the urinary 
flow rate abundantly (1.5 L/m?) and increase the urine pH 
above 7.5. Potassium citrate is the preferred choice for uri- 
nary alkalinization. The aim of the fluid therapy is keep the 
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urinary cystine concentration less than 300 mg/dL. 
D-penicillamine and a-mercaptopropionyl glycine can be 
used as adjunctive therapies, if the first-line therapies fail. 


36.7 Conclusions 


The objective of stone management in children should be 
complete stone clearance, prevention of stone recurrence and 
regrowth, preservation of renal functions, control of UTI’s, 
correction of anatomic abnormalities and correction of the 
underlying metabolic disorders. Long-term postoperative 
follow-up is mandatory; especially after using newer techni- 
cal innovations for urinary calculus management during 
childhood. Regarding the management of stone forming 
children for metaphylaxis, there is a great choice of different 
treatment modalities, on which the clinicians have to decide 
about based on metabolic evaluation, stone analysis data, as 
well as the frequency of stone events. 

Because of the multifactorial causes of stones in children 
(metabolic, anatomic and/or recurrent UTD, long-term follow- 
up treatment can only be successful when combined with 
appropriate prophylaxis to prevent recurrence. Numerous 
treatment regimens for preventing recurrent formation of cal- 
cium stones have been designed and published during recent 
decades. The patients can be treated conservatively by an 
increased fluid intake with or without dietary manipulations or 
by administering pharmacological agents. As a pharmacologi- 
cal agent, potassium citrate has been used with acceptable 
success rates. 

However, it is really very troublesome to keep the child 
under a certain preventive measure for a long-period of time. 
Cooperative parents with children at older ages are the cases 
that may demonstrate acceptable successful outcomes fol- 
lowing these measures. 
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The Role of Minimally Invasive Techniques 


Ben Thomas and David Tolley 


Abstract Since the introduction of minimally invasive techniques such as extracorporeal 
shock wave lithotripsy (ESWL), percutaneous nephrolithotomy (PCNL), and ureteroscopy 
(URS) in the early 1980s, the management of renal and ureteral stones in adults has changed 
dramatically. Introduction of these techniques in the management of stones in children has 
been slow. However, experience in the last decade or so has clearly demonstrated that these 
minimally invasive techniques are equally effective in the pediatric population. 


37.1 Introduction 


Up until the mid-1980s, surgery for urinary stones in both 
children and adults was almost exclusively by open tech- 
niques. The only real exception was cystolitholopaxy for 
small stones in the bladder. Progress with extracorporeal 
shock wave lithotripsy (ESWL), percutaneous nephrolitho- 
tomy (PCNL), and ureteroscopy in the adult population gen- 
erated interest in their application within pediatric stone 
management. This evolution is elegantly highlighted in a 
paper from 1987 in which Choi, Snyder, and Duckett 
reviewed a series of 62 children treated for stone disease at 
the Children’s Hospital of Philadelphia between 1972 and 
1984, of which 43 required surgery. All stones were removed 
by an open surgical procedure except for three cystolitholo- 
paxies. At the time, the authors concluded that even in those 
early days, 60% of the cases would have been suitable for the 
newer, less invasive methods. Such changes have meant that 
open surgery for stones has become almost obsolete. ! 


37.2 Extracorporeal Shock Wave Lithotripsy 


Extracorporeal shockwave lithotripsy (ESWL) was first used 
to treat urinary lithiasis in adults in the early 1980s,’ and it 
was not long before use of ESWL was described in children. 
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The first commercially available lithotripter, the Dornier HM3, 
was only recommended by the manufacturers for treating 
patients greater than 135 cm in height. Further limitations of 
the original machine were the need for general anesthesia for 
the majority of treatments and that only stones visible with 
fluoroscopy could be treated. However, several authors 
reported the successful treatment of children less than 135 
cm tall, by making modifications to the patient gantry, and 
adjusting the water level.*° 

The introduction of second-generation lithotripters, which 
did not require a water bath and included improved imaging 
with ultrasound, further facilitated the treatment of stone 
disease in children. Van Horn et al., compared their experi- 
ence with a Dornier HM3 machine and the second-genera- 
tion Siemens Lithostar® machine. Stone-free rates were 
comparable between the two machines (65% for HM3 and 
71% for Lithostar). However, 67% of treatments on the HM3 
were performed under general anesthesia (GA), whereas 
only 14% of children treated on the Lithostar required GA, 
with the rest receiving intravenous sedation.° 

There is general agreement that the ureter in children, 
whilst smaller in diameter, is more efficient at transporting 
stone fragments than in adults. Early series suggested that 
larger stones could be cleared in children without excessive 
numbers of treatments or risk of complications, such as 
ureteric obstruction from steinstrasse. Thornhill et al., treated 
22 children between 2 and 13 years of age, with stones rang- 
ing from 3 to 50 mm. A stone-free rate of 79% was achieved, 
with only two children (9%) encountering complications.’ 
The authors surmise that a child’s ureter is more capable of 
clearing fragments, a view also shared by Jayanathi et al.* 
This was formally assessed by Gofrit et al., who directly 
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compared stone passage in children against a matched group 
of stones treated in adults.” The stone-free rate was higher 
(95% for children versus 79% for adults) and the stone-free 
state was achieved more rapidly in the children. None of the 
children developed steinstrasse, whereas this complication 
was seen in 5% of adults. There are two possible reasons for 
the better results in children: there is less attenuation of the 
shock wave as it is propagated more efficiently through the 
smaller body volume of the child, and the ureter is also more 
efficient at clearing stone fragments. 

Elsobky compared 148 children treated on two second- 
generation lithotripters, the Dornier MFL 5000 spark-gap 
machine and the Toshiba Echolith piezeoelectric machine.” 
Overall 51% of children were treated under general anesthe- 
sia, and all of these were aged less than 12. The stone-free 
rates between the two machines were similar (85% for MFL 
500 and 87% for Echolith) but the retreatment rate on the 
piezeoelectric machine was significantly higher (55% for 
MFL 5000 and 80% for Echolith). The only significant pre- 
dictor of stone-free rate was the diameter of the stone, with 
those <10 mm having significantly better stone-free rates 
than those >10 mm in diameter. 

Piezoelectric machines can generate the highest peak 
pressures, but their power is lower due to the small volumes 
of the focal zone (F2). Thus, these machines are perceived to 
be less painful. Hence, Marberger et al. demonstrated that it 
was possible to treat all but the youngest children (younger 
than 3 years) without anesthesia.''! The indication for anes- 
thesia was mainly due to issues of cooperation rather than 
because of pain. At 3 months, 96% of children were stone 
free, with a retreatment rate of 40%. 

Longo and Netto treated 70 children between 3 and 14 
years of age (mean 8) using a Siemens Lithostar or Lithostar 
Plus machine, and none required general anesthesia.'” 
Intravenous sedation was utilized in 72.9% of cases, whilst 
27.1% required no anesthesia. Overall success rate was 
98.5% of patients rendered stone free, with a 29.4% retreat- 
ment rate. This series also demonstrated the intuitive obser- 
vation that larger stones require more treatments. 

In adults, treatment of larger and staghorn calculi is gener- 
ally considered less effective due to the requirement for multi- 
ple treatments and higher complication rates. However, in 
children the improved efficiency of ESWL described previ- 
ously has prompted some centers to treat larger and more com- 
plex stones with ESWL. Orsola et al., treated 15 children with 
staghorn calculi on a Siemens Lithostar-ULTRA machine." 
After an average of two treatments, 73.3% were rendered stone 
free, and there were no cases of ureteric obstruction, but one 
case of fever. All treatments were performed without general 
anesthesia. 

Lottmann et al., reported a series of 23 children treated with 
ESWL for complete or partial staghorn calculi.'* All procedures 
were performed under a general anesthetic and achieved an 


overall stone-free rate of 82.6%. Further subdivision of the 
treatment groups by age found that in children 2 and under, the 
stone-free rate was 87.5% compared to 71.4% in children aged 
6-11 years. The older children also required more treatment 
sessions. Only one case of ureteric obstruction was seen in an 
older child from a single obstructing fragment. Over a followup 
period ranging from 9 months to 9 years, no cases of hyperten- 
sion were observed, and DMSA renography did not reveal any 
evidence of scarring. The poorest results were seen in those 
children with cystine stones, and thus the authors do not advo- 
cate ESWL for larger stones in this subgroup. 

The largest single series of pediatric ESWL has been 
reported by Muslumanoglu et al.'° They treated 408 calculi in 
344 children, aged between 6 months and 14 years, in the 
same center. General anesthesia was used in 38.4% of cases, 
primarily for children under 3 years of age, whilst 40.1% were 
treated with intravenous sedation, and 21.5% required no 
anesthesia. The mean number of treatment sessions was 1.9 
per stone and the stone-free rate was 79.9% at 3 months. 
Retreatment was required in 53.9% of cases. Stone size and 
location were the most significant factors for predicting out- 
come. All renal pelvis stones less than 1 cm, and stones in the 
proximal and mid-ureter were cleared. The least favorable 
results were seen in stones larger than 2 cm in any location, 
and stones in the calyces. Steinstrasse developed in 7.8% of 
children, all with initial stones larger than 1 cm; all were suc- 
cessfully treated with either in situ ESWL or managed conser- 
vatively. A similar overall stone-free rate was demonstrated in 
78.3% of 225 unselected stones treated by Chamssuddin et al., 
and stone size predicted the need for multiple treatments. 

In our own center, 140 renal stones in children were 
treated with ESWL. The first 102 were treated with a Piezolith 
2300 machine, and the remainder with a Compact Delta lith- 
otripter. To enable treatment, 91% of children under 6 years 
of age required general anesthesia, compared with only 34% 
of those aged over 6 years. In agreement with other series, 
stone size was the most important determinant of the stone- 
free rate as well as predicting the need for multiple treat- 
ments and ancillary procedures. Overall, the stone-free rate 
for non-staghorn stones less than 20 mm was 84%, which 
dropped to 54% for non-staghorn stones larger than 20 mm. 
For partial or complete staghorn stones, the overall stone- 
free rate was 40%, with 45% of children requiring an ancil- 
lary procedure. There were six cases of steinstrasse after 
ESWL for complex stones, of which four required interven- 
tion (three ureteroscopy [URS] and one ESWL). Hence, for 
stones greater than 20 mm and staghorn stones, our practice 
is to perform PCNL in such cases, as our experience is that 
fewer treatment sessions are required and hence, fewer gen- 
eral anesthetic sessions.'’ 

Since many children treated with ESWL are still growing, 
there has been concern about the effects of ESWL on the 
developing kidney. Early in vivo study suggested that, in rats, 
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ESWL led to decreased renal function and histological 
changes in the kidney.'® Lifshitz et al., followed 29 children 
after ESWL for a mean of 9 years, and found that there was 
a trend towards reduced renal growth in the treated kidneys." 
One case of hypertension was detected. However, the authors 
consider that the observed changes were due to abnormali- 
ties with the kidneys themselves, which led to the formation 
of calculi, rather than the ESWL. Subsequently, followup of 
39 children treated with ESWL found no cases of hyperten- 
sion or renal parenchymal scarring, as evidenced by DMSA 
scanning, after a range of 6 months to 8 years.” 

Villanyi et al., examined the short-term effects of ESWL 
on the pediatric kidney.”' In 16 children between the ages of 6 
and 14, the authors measured a variety of enzymes and elec- 
trolytes in the urine up to 90 days after a session of shock 
wave treatment. Whilst there was no deterioration in renal 
function as evidenced by changes in electrolytes, excretion of 
various surrogate markers of renal damage, such as B(beta)2- 
microglobulin, rose transiently before returning to baseline 
levels by 7 days. This resulted in the recommendation that an 
interval of at least 15 days should be left between two succes- 
sive ESWL treatments. However, as yet there is no significant 
evidence to suggest that ESWL in the prepubertal population 
has any significant long-term detrimental effects. 


37.3 Percutaneous Nephrolithotomy 


Following its original description in adults in 1976,” interest 
in pediatric PCNL led to the publication, in mid-1980s, of 
the first case-series utilizing the technique in children.”** 
Inevitably, these early series were mainly performed on older 
children, as the instruments used were still relatively large, 
but they demonstrated the feasibility of the technique in the 
pediatric population. Boddy et al., described their first percu- 
taneous procedures on ten children between 5 and 16 years 
of age.* In 6 children the stone was lifted out intact and no 
nephrostomy tube was left at the end of the procedure. 
Ultrasound was used to fragment the stones in the other four 
cases, two of which required a two-stage procedure during 
the same hospital admission. In these four cases, a 24 Fr 
nephrostomy tube was placed postoperatively. After one pro- 
cedure, the stone-free rate was 80%, and stone-free status 
was achieved in 90% in one hospital admission. The only 
significant complication was intraoperative bleeding requir- 
ing termination of the case and a second look procedure was 
performed. However, a blood transfusion was not required. 
The technique of PCNL is relatively standard and similar 
to the technique used in adults. The majority of authors per- 
form an initial cystoscopy in order to place a retrograde ure- 
teric catheter, which is subsequently utilized to opacify the 
renal pelvis and calyces with contrast when required. 


Following cystoscopy the patient is then turned to the prone 
position for the remainder of the procedure. Radio-opaque 
contrast is then injected, via the ureteric catheter, to both 
opacify and distend the renal pelvis and calyces. This con- 
trast can be mixed with methylene blue to allow simple iden- 
tification of entry into the collecting system. A needle is then 
advanced under fluoroscopic guidance into the calyx of 
choice. Confirmation of entry into the collecting system is by 
aspiration of the blue-colored contrast mixture. An alterna- 
tive method of obtaining needle access to the collecting sys- 
tem is with the aid of ultrasound. Both Desai et al., and 
Boormans et al., use this method as their standard access 
technique.” Ultrasound can also be particularly useful in 
situations where the anatomy of the lower urinary tract makes 
placement of a retrograde catheter difficult or impossible, 
such as ileal conduit or continent urinary diversion where 
urethral access no longer exists. 

Having confirmed antegrade access to the required calyx, 
a guidewire is then passed through the needle and into the 
collecting system. The needle can then be removed and 
replaced by an access catheter to allow better manipulation 
of the wire. Ideally, the wire should be placed past the stone 
and down the ipsilateral ureter into the bladder to provide 
track stability. Once the wire is correctly positioned, the track 
can be dilated. This can be achieved using a series of gradu- 
ated dilators, which may be metal (Alken dilators) or semi- 
rigid (Amplatz dilators), or alternatively dilation can be 
performed using a pressurized balloon dilator. 

Most pediatric endourologists and radiologists seem to 
prefer either of the graduated dilator systems, although 
Khairy Salem et al., described the successful use of balloon 
dilation in 45% of their series of 20 PCNL in children 
between 4 and 15 years.” The aim of the study was to assess 
whether tubeless PCNL was feasible in children. However, 
they found no adverse outcomes from using balloon dilators 
compared to the metal dilators used in the other 55%. It has 
been suggested by Turna et al., that balloon dilation is asso- 
ciated with less hemorrhage than dilators.** In 193 patients, 
aged between 5 and 74, undergoing PCNL they retrospec- 
tively extrapolated risk factors for hemorrhage, and found 
significantly less bleeding where balloon dilation had been 
deployed. Although the series included patients as young 
as 5, there was no separate subgroup analysis of the pediatric 
patients. 

Following dilation of the track, a sheath is placed to main- 
tain the track and permit access by the nephroscope, which 
can then be inserted and withdrawn on multiple occasions if 
required. The size of the sheath depends on the size of the 
nephroscope being used and should be kept to a minimum 
depending on the equipment available. A wide variety of 
sheath sizes is available ranging from 12 up to 34 Fr, as well 
as differing lengths. Generally, the size of the sheath and 
nephroscope is tailored to the size of the patient and the 
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stone, although the diameter of the access calyx may also 
influence the decision. Earlier series simply avoided treating 
the youngest patients percutaneously because only adult- 
sized instruments were available,’ although there was no 
good evidence for this practice. However, as smaller instru- 
ments were developed, the use of such instruments on smaller 
children gained popularity. Although for most surgeons use 
of smaller instruments in younger patients was instinctive, 
Gunes et al., provided some basis for this practice.” In 
25 PCNL operations, age range 27 months to 16 years, a 24 
or 26 Fr nephroscope was utilized through a 24—30 Fr sheath. 
Complications were described in 40% (10/25) of cases, and 
as 71% of these complications occurred in children under 
7 years of age, the authors concluded that adult equipment 
should not be used in the under 7s. Similarly, Desai et al., 
and Zeren et al., also found that one of the factors that 
significantly affected hemorrhage and transfusion rates was 
sheath size, but age of the patient was not a determining 
factor in Zeren’s series.”°*” 

Others now routinely advocate use of smaller tracks and 
instruments in younger children,” whereas Boormans uses 
18 Fg sheath in all pediatric patients up to 16.8 years.” 
However, in our own series of 43 PCNL, we routinely used a 
24 Fr sheath and a 22 Fr nephroscope on all patients (range 
1-15 years), without any increased complication rate in the 
younger children.” These findings were confirmed by 
Badawy who treated children as young as 3 with 26 Fr sheath 
and Khairy Salem who used a 24 Fr sheath in children as 
young as 4; neither series reported higher complications in 
the younger patients.*”** 

Commonly only one track is needed or used in the major- 
ity of cases,>?’?*3°5 but in the treatment of larger and more 
complex calculi, more than one track may be required. Desai 
et al., and Ozden et al., report the use of multiple tracks in 
60% and 40% respectively for the management of complex 
calculi.**** Neither series reports any increased adverse effect 
on renal function compared to series where only one track is 
predominantly used. 

For complex and staghorn calculi, use of supracostal punc- 
tures can give an extra dimension to improve access to the 
calyces and the upper ureter. The use of supracostal punctures 
has been well proven in adult practice; however, due to the 
slightly increased complication rate their use has been limited 
in children.*° El-Nahas et al., have reviewed their series of 20 
supracostal punctures and compared them with 40 similar 
subcostal punctures.” There were no significant differences 
in complication rates or hospital stay between the two groups, 
and the stone-free rates were equally comparable. Thus, if 
used judiciously in appropriate cases, supracostal puncture 
can be a useful adjunct to aid clearance of complex stones. 

After inspection of the collecting system with the nephro- 
scope, a variety of instruments can be used for removal and 
fragmentation of stones. Simple graspers and hybrid basket 


devices are available for lifting out small stones or stone 
fragments. If fragmentation is required, ultrasound*!”?>?74 
and ballistic lithotripsy”! or a combination of both****> are 
the most commonly deployed modalities. Devices are avail- 
able that include active suction of fragments out of the col- 
lecting system, and one such device combines all three 
elements of ultrasound, ballistic lithotripsy, and suction. 
Although earlier series included electrohydraulic litho- 
tripsy,***° this is no longer used due to higher complication 
rates observed. Use of a flexible cystoscope down the sheath 
can improve access to all calyces, and this can be combined 
with the holmium laser for fragmentation and a basket to 
extract or manipulate the stone. 

It is still usual to leave a nephrostomy tube draining the 
kidney after percutaneous surgery'7??7°??*>"8°° in children, 
although in adult practice tubeless PCNL is gaining popular- 
ity. Following the early series of Boddy et al., where no 
nephrostomy was placed in 6/10 cases after a simple lift out 
procedure, without any reported adverse effects,* Khairy 
Salem et al., recently reported a study of tubeless PCNL.” In 
this nonrandomized trial, 20 PCNL were performed on chil- 
dren between 4 and 15 years, with a mean stone burden of 
2.3 cm (range 2-5 cm). A nephrostomy tube was not placed, 
but a ureteric catheter was inserted for 24-48 h postopera- 
tively. These cases were compared against ten similar cases 
where a nephrostomy was inserted. Postoperative complica- 
tion rates were similar, with fever in 25% of tubeless cases 
versus 30% of nephrostomy cases. Perirenal hematoma was 
reported in 10% in both groups. Although the authors found 
that the mean postoperative pain scores were lower in the 
tubeless group compared to those with a nephrostomy (4.6 
versus 5.5), the potential benefit of a tubeless procedure in 
children is less clear than in adults. 

Overall success rates for PCNL, as gauged by stone-free 
rates, range from 58% to 96% after one treatment, rising to 
81-100% after additional treatment, by second PCNL or 
ESWL.41775-°79-953839 Most pediatric urologists only con- 
sider cases that are truly stone free to be a success, since 
children have a longer future period in which to develop 
recurrence. 

Given that PCNL in children is a relatively uncommon 
procedure, series are very heterogeneous and not always 
directly comparable due to the varied case mix. In some, 
stone burdens are measured as the maximal transverse diam- 
eter, whilst others describe the area of stone, calculated by 
measuring the “height” and the “width” of the stone and 
multiplying the two together. As a result, preoperative stone 
burdens are similarly very variable and difficult to compare. 

In their series of complex calculi, Ozden et al., used mul- 
tiple tracts in 40% of cases for larger or staghorn calculi.** 
After one PCNL, 73.6% of patients were stone free, and this 
rose to 86.8% after a second procedure — either PCNL or 
ESWL. Clearance rates were similar in cases with one tract 
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and those with multiple tracts. However, the stone-free rate 
was influenced by the preoperative stone burden. Where the 
stone was less than 675 mm? the clearance rate was 97.4%, 
but this fell to 66.7% for stones larger than 675 mm’. 

Serious complications of PCNL are rare. Intraoperative 
bleeding can obscure vision and may necessitate cessation of 
the operation, placement of a nephrostomy tube, and a “‘sec- 
ond look” procedure at a later time. In some earlier series, 
troublesome bleeding resulted in conversion to an open oper- 
ation in a very small number of cases.*”** However, with 
experience it is now widely held that this is unnecessary. In 
their pioneering series Boddy et al., encountered problematic 
bleeding in only 1 case, which was managed with a nephros- 
tomy and “second look.” Reported transfusion rates after 
PCNL vary from 0%*'!77"8° to 23.9%.* In this latter series, 
most of the transfused cases occurred early in their experi- 
ence and the authors observe that refinements of their opera- 
tive technique reduced this complication. Further analysis of 
the transfused cases showed that the risk of transfusion was 
significantly correlated to operating time, sheath size, and 
stone burden, but the age of the patient was not an associated 
risk. Ozden et al., report a 17% transfusion rate in their recent 
series of “complex” stones.” Hemoglobin drop was signifi- 
cantly associated with the size and number of tracks used, 
whilst the transfusion rate was correlated with the initial 
stone burden. Desai et al., similarly showed that hemoglobin 
drop was significantly associated with the size and number 
of tracks, although the transfusion rate was not correlated.” 
These authors also observe that the hemoglobin decrease 
was greater during the earlier part of the learning curve. 

Transient fever after PCNL is common and reported in up to 
43% of cases”; in the vast majority of cases, it is associated with 
negative cultures and resolves without antimicrobial therapy. 
Septicemia and septic shock is fortunately much less common, 
although the rate of proven urinary tract infection has been 
reported in as many as 12% of cases.” Choong et al., reported 
that 23% of cases developed fevers higher than 38°C, which 
were treated with broad-spectrum intravenous antibiotics, but it 
is not clear whether any of these had positive cultures.** 

Other complications are generally rare, and those 
described include renal pelvis perforation in 1/72,” 3/43," 
and 3/25.” In two series, extravasation occurred in 5.6% 
and 4%” of cases. Hydropneumothorax occurred in one case 
in each of the reports from Gunes et al., and Ozden et al.,?’” 
and one case of a pyleo-colonic fistula was reported by 
Badawy et al. The relatively infrequent use of upper pole 
punctures in the pediatric population explains the low occur- 
rence of thoracic complications. 

In the longer term, PCNL does not appear to have any 
significant deleterious effects on the kidney. Boddy et al., 
found none of their cases showed evidence of reduced renal 
growth or scarring, assessed by intravenous urography, 
during followup of 3 months to 5 years.* Dawaba et al., 


specifically examined the longer term effects of PCNL with 
followup ranging from 6 to 72 months.” Out of 72 PCNLs 
(age range 9 months—16 years), only 4 patients (5.6%) 
showed an immediate postoperative drop in glomerular 
filtration rate, 3 of which subsequently improved during fol- 
lowup, and the fourth remained static. Using DMSA renog- 
raphy, no evidence of renal scarring was demonstrated in any 
patient. Similarly, in their series of PCNL in patients under 5, 
Mahmud et al., found no decrease in renal function, no evi- 
dence of renal scarring, and no effect on blood pressure in any 
of the 30 children, over a median follow-up of 24.9 months.*! 


37.4 Ureteroscopy 


The technique of ureteroscopy in children adheres to basic 
principles of upper tract endoscopy. Initial retrograde place- 
ment of a guidewire into the renal pelvis under fluoroscopic 
control, to act as a safety wire, is the essential first step. 
Differing methods of obtaining access to the bladder are 
described. The initial cystoscopy and wire placement can 
either be through a pediatric cystoscope*’’ or directly 
through the ureteroscope.'”*’ A floppy-tip guidewire is used, 
and placed under fluoroscopy, ensuring that screening time is 
kept to a minimum. Guidewire diameters range from 0.018 
to 0.035 in., with the choice of size largely determined by the 
preference of the surgeon. If difficulty in negotiating past the 
stone is encountered during the insertion of a standard PTFE 
(Teflon) coated guidewire, then softer hydrophilic coated 
wires, such as Sensor® or Terumo®, can prove very useful 
in passing the stone. However, once the upper tract is 
accessed, such a wire may be exchanged for a stiffer working 
wire, through an appropriate open-ended ureteric catheter. 
Having placed a wire to the renal pelvis, the ureteroscope 
can then be introduced, either over the wire!” or alongside the 
wire. The decision to dilate the ureteric orifice again 
largely rests with individual preference, since the risk of ure- 
teric reflux is low and transient. Some authors report per- 
forming dilatation routinely,**'**“* whilst others will only 
dilate if it is not possible to pass the ureteroscope.!7°0167 
Van Savage describes the use of a second guidewire to nego- 
tiate the ureteric orifice if difficulty is encountered, and has 
not found the need to perform dilation.” 

Just as there is variation in opinion regarding the need to 
dilate, the method of dilation is also variable. Balloon dila- 
tion is the favored option of some groups,*°*'**“” whilst oth- 
ers opt for a coaxial dilation technique.*!7°"“**° Herndon 
et al., have challenged the need for any dilation and in their 
retrospective series of 34 ureteroscopies found that with rou- 
tine use of a 4.5 or 6.5 Fr tapered semirigid ureteroscope, 
dilation was not required in any child. Their reported com- 
plication rates are comparable to any other series. 
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A variety of different caliber ureteroscopes is available, 
depending on the manufacturer, and individual preference 
will usually dictate which instrument is utilized. Inevitably, 
older series tended to describe the use of larger uretero- 
scopes, with the more recently developed smaller scopes 
now being preferred. A balance exists between keeping the 
instrument small enough to access the ureter with the mini- 
mum of trauma, without making the working and irrigation 
channels so small that their usefulness is limited. As many 
series take several years to accrue, and given the fragility of 
these instruments, most authors report the use of a variety of 
ureteroscopes over the course of their experience. Currently, 
semirigid ureteroscopes of around 7 Fr (6.5-7.2 Fr) are the 
most commonly used.'’°?*“°*" Van Savage and latterly 
Heardon both report favorable results with the 4.5 Fr “needle 
scope,” which allows utilization of either ballistic lithotripsy 
and or lasertripsy.*?*> 

Where flexible ureteroscopy is used, most authors favor 
an instrument between 6.9 and 7.5 Fr.4'3"” Similarly, the 
type of intracorporeal lithotripsy utilized tends to vary 
depending on the date of publication. Earlier series tend to 
describe use of electrohydraulic lithotripsy, lithoclast, and 
the pulsed dye laser,*°***° whereas authors now tend to favor 
the holmium laser.^ 17445 

The use of postoperative stents is variable. Absolute indi- 
cations for stent insertion, such as ureteric trauma or perfora- 
tion, are recognized by all. However, the routine use of 
ureteric drainage is more debated. Schuster advocates the use 
of a stent if the duration of the procedure is longer than 90 
min.*' In early series, when the techniques were still relatively 
new to pediatric practice, most authors were more cautious 
and would thus leave some form of ureteric drainage for all 
848-50 Temporary drainage of the ureter can also be 
achieved by either the placement of a straight ureteric cathe- 
ter, which is brought out through the external urethral meatus 
and removed after 24—48 h, or by placement of a formal dou- 
ble pigtail ureteric stent. Initially, removal of such stents 
would necessitate a second general anesthetic, however, exte- 
riorizing the string or “danglers” through the external urethral 
meatus will usually permit removal of the stent without the 
need for full anesthesia. Even in more contemporary reports 
many authors still advocate use of ureteric drainage in the 
majority of cases (85-91 %).*4%4 However, as in adult prac- 
tice, others have challenged this view. Herndon et al., (6/27) 
and Raza et al., (11/52) only used ureteric drainage in 21% of 
cases, and neither series reported a higher rate of complica- 
tions than others who routinely drain the ureter. "4 

Overall, ureteroscopy for the treatment of ureteric stones 
in children has a high success rate. After one treatment, 
stone-free rates range between 72% and 100%.°*'7°°°° Not 
all authors analyze the reasons for failure, but the type of 
intracorporeal lithotripsy used, position of the stone, and 
anatomical factors are all implicated as affecting outcome. 


cases. 


Stone sizes that are tackled by ureteroscopy range from 2 to 
23 mm, but no authors report a correlation between stone 
size and success. Since the numbers in many series are small, 
it is difficult to draw meaningful conclusions regarding fac- 
tors influencing stone-free rates. Al-Bussaidy et al., showed 
that the position of the stone affected the stone-free rate.** In 
their series of 50, overall stone-free rate after one treatment 
was 84%, which rose to 94% after a second treatment. When 
the position of the stone was analyzed, the overall stone-free 
rates were 78%, 100%, and 97%, for upper, mid, and lower 
ureteric stones, respectively. Influence of the type of litho- 
tripsy on stone-free rate has been highlighted by both Bassiri 
and Raza. In Bassiri’s series of 66 cases they achieved a 
stone-free rate of 88% after one treatment. In six out of the 
eight cases that failed, proximal migration of the stone whilst 
deploying the ballistic lithoclast was identified as the pri- 
mary reason for failure.*° Raza et al., also reported an effect 
of lithotripsy method on the stone-free rates. In 52 cases, the 
stone-free rates after one treatment were 72% where the 
pulsed-dye laser was used, 92% for electrohydraulic litho- 
tripsy, and 100% for holmium laser.'’ The mean stone sizes 
were similar in all groups. 

Other miscellaneous failures of ureteroscopy at the first 
attempt include failure to pass the ureteroscope despite dila- 
tion, either due to a tight or anatomically abnormal ureter, 
such as after a ureteric reimplantation. Perforation of the ure- 
ter with either a guidewire or the ureteroscope may occur, 
particularly at the site of an impacted stone, and should trig- 
ger abandonment of the procedure accompanied by drainage 
of the kidney by either retrograde placement of a stent or 
antegrade insertion of a percutaneous nephrostomy. Failure 
to render the patient stone free at the first sitting can be 
addressed by either a repeat attempt at retrograde ureteros- 
copy, which may be facilitated by prior placement of a ure- 
teric stent at the primary procedure, or percutaneous access 
to allow antegrade ureteroscopy if the distal ureteric anatomy 
precludes retrograde instrumentation. ESWL is also a very 
useful adjunct procedure to aid stone clearance. 

Complications of ureteroscopy are relatively uncommon, 
but the most serious are pyleonephritis and ureteric perfora- 
tion. Complication rates are reported between 0% and 30%; 
however, detail of the description of complications is some- 
what variable. Al-bussaidy reported the highest level of com- 
plications, but reported in the most detail, including children 
who had hematuria (10%), pain (4%), and pyrexia (12%). 
Bassiri reported hematuria in 17% of children, but only 1.5% 
experienced pain,** whilst Raza et al., describe pyrexia in 9% 
of cases.” Many other authors do not actually report on such 
complications. Pyleonephritis is reported in 0—4% of 
cases.*°“'“” Perforation rates vary between 0% and 7%.'744548 
Causes of perforation may be easily apparent, such as 
impacted stone or secondary to use of a basket.“ When 
analyzed by type of lithotripsy deployed, electrohydraulic 
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lithotripsy (EHL) has the highest complication rate. 
Al-bussaidy reported two perforations in their series, which 
utilized EHL in the majority of cases.** Raza et al., similarly 
confirmed EHL to have the most complications.'? Where 
EHL had been used, perforation occurred in one patient, and 
five children experienced fever, compared to one perforation 
and one ureteric stricture when the pulsed-dye laser was uti- 
lized and no complications in the holmium laser treated 
cases. Al-bussaidy also reported pyrexia in six patients in 
their mainly EHL-treated patients.** However, when holmium 
laser fragmentation is performed, complication rates are 
lowest. "#4647 No perforations related to use of the holmium 
laser itself have been reported. 

Following the initial descriptions, there were concerns 
about potential damage to urethra, ureter, and the vesi- 
coureteric junction (VUJ). In early series, dilatation of the 
ureteric meatus was commonly performed, particularly where 
larger (11.5 Fg) instruments were utilized. Due to the rela- 
tively infrequent occurrence of pediatric ureteroscopy, even 
large centers can take several years to accrue a meaningful 
sized series. Hence, a historical perspective is inbuilt, allow- 
ing comparison of older instrumentation and techniques with 
the more modern. Thomas et al., performed dilation of the 
ureteric orifice in all five children they ureteroscoped with an 
11.5 Fr instrument,” but subsequently, when instruments of 
8.5 Fr or smaller were used, only 3 of 11 children required 
dilation. However, even where dilation of the VUJ was per- 
formed the incidence of reflux is low, and where it does occur, 
is usually transient. In Thomas’s series, a followup cystogram 
was performed in nine children (64%), and only one case of 
reflux was detected. Although this was grade III, the reflux 
resolved within 12 months.” Similar findings of transient 
reflux were reported by Schuster et al., who used voiding cys- 
tourethrography to examine for reflux in the first 11 children 
in their series. Of seven cases that had undergone balloon 
dilation to 15 Fg, two children were found to have grade I 
reflux, which resolved within 1 month. These authors still 
routinely dilate the ureteric meatus, as they believe it facili- 
tates smooth passage of the ureteroscope.*! However, they 
advocate that routine assessment for postoperative reflux is 
not necessary, and should only be reserved for children who 
are symptomatic, a view that is shared by others.'”“° 

Other authors have not routinely evaluated for reflux. 
Jayanathi et al., reported 11 successful ureteroscopies, with 
almost all cases undergoing balloon dilation of the VUJ. 
There was no incidence of infection in any child postopera- 
tively, and thus, the authors postulate that even if reflux 
occurs, it is of no significance.® 

Experience of flexible ureteroscopy for treating proximal 
ureteric and renal stones in children is very limited. Tanaka 
et al., describe their use of flexible ureteroscopy as initial 
treatment in 52 cases of children under 14 years of age (range 
1.2-13.6) with a mean stone diameter of 8 mm (range 1—16).*” 


Over half of the cases required prior placement of a ureteric 
stent, of which 58% were felt necessary to dilate the ureter. 
The initial stone-free rate was 50%, which increased to 58% 
with extended followup. Additional procedures were required 
in 34.6% of cases, of which the majority were repeat ureteros- 
copy. The need for additional procedures increased with the 
size of the stone at presentation. 


37.5 Conclusions 


The full endourological armamentarium is now available for 
the treatment of stone disease in children. Due to the relative 
rarity of pediatric stone disease, and the heterogeneity of the 
presenting stones and treatment techniques, direct compari- 
son of many studies is not possible. However, some simple 
underlying principles can be applied. Careful assessment of 
each stone, together with an assessment of the anatomy of 
the drainage system of the affected kidney, should enable an 
informed decision regarding treatment selection. Clearly, 
the key aim should be to obtain stone clearance with the 
minimum of treatment episodes and the minimum of 
complications. 

ESWL remains the most appropriate first-line treatment 
method for many children with stones, but larger stones, 
staghorn calculi, and stones associated with abnormal 
anatomy will often necessitate use of other minimally inva- 
sive techniques. 

When PCNL is undertaken, the smallest possible track 
and instruments should be used and the track should be 
dilated with coaxial dilators. Children will tolerate the place- 
ment of nephrostomy tube, and current evidence suggests 
that this should be routine. 

Pediatric ureteroscopy, if required, should similarly be 
performed with the smallest available instruments and metic- 
ulous attention to technique. The holmium laser should be 
the intracorporeal lithotripsy method of choice, and place- 
ment of a ureteric stent is not routinely required, as the child’s 
ureter is highly efficient at facilitating the passage of stone 
fragments. At the current time, there is very limited evidence 
to support the use of flexible ureteroscopy in the pediatric 
population. 
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Surgical Management | 


Indications for Surgical Removal, Including 


Asymptomatic Stones 


J. Graham Young and Francis X. Keeley 


Abstract The advent of minimally invasive methods of treating renal calculi has widened the 
indications for treatment beyond those stones causing significant pain, urinary tract infection, 
or obstruction. Despite the low morbidity of minimally invasive treatments, we must continue 
to balance risks and benefits of treatment versus conservative management in individual 
patients. For each patient there will be considerations relating to their age, occupation, comor- 
bidity, stone history, and anatomy amongst many factors that will shape the most appropriate 
clinical treatment of their stone. We attempt to help rationalize these decisions and examine 
the knowledge we have in particular of the natural history of asymptomatic renal calculi, 
whose treatment remains most controversial. 


38.1 Preoperative Evaluation 


Before embarking on extracorporeal shock wave lithotripsy 
(SWL) or surgical treatment of calculi, a thorough preoperative 
evaluation of the patient must be performed. Patient occupation 
is relevant, as professions such as airline pilots may be required 
to be completely stone free before resuming duties. Women 
planning pregnancy may influence treatment of asymptomatic 
stones if they look likely to progress. A general medical history 
with attention to comorbidity and concomitant medication is 
clearly required, particularly with increasing use of anticoagu- 
lant medication such as warfarin, clopidogrel, and aspirin. 
Discussion should clearly take place with the patient to ensure 
understanding of the risks, benefits, and limitations of the vari- 
ous treatment modalities to ensure informed consent. 

Body habitus should be noted and blood pressure checked, 
in particular before SWL to reduce risk of hematoma forma- 
tion.' High quality imaging to evaluate stone burden, location, 
and variations in anatomy are necessary. Most commonly, this 
is now in the form of unenhanced computed tomography (CT), 
although plain X-ray, renography and contrast studies may 
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give additional necessary information. Urine dipstick testing 
plus microscopy and culture is mandatory before treatment. 
Previous stone composition from the patient is also extremely 
important. Cystine, calcium oxalate monohydrate, and cal- 
cium hydrogen phosphate dihydrate (brushite) stones are all 
notoriously resistant to fragmentation with SWL. Such stones 
are likely to require invasive procedures with fragmentation 
with higher energy sources such as holmium laser. Furthermore, 
if such stones are of a borderline large size, preference may be 
given toward a percutaneous procedure rather than SWL. 

Clinical suspicion of cystinuria presenting de novo may 
be raised in younger patients with multiple recurrent stones. 
Imaging features suggestive of cystine include low radio 
density, a ground-glass appearance with smooth edges, and 
the presence of multiple or bilateral stones. Cystine crystals 
should be present on urinalysis, a necessary screening instru- 
ment before treatment decision. 

Many stones may also contain bacteria within a biofilm 
environment even when bacteriuria is only intermittently 
present. The fragmentation of stones may release bacterial 
endotoxins as well as viable bacteria that place the patient at 
risk for septic complications.” Therefore, patients who have 
clinical features of urine infection or struvite stones should 
receive appropriate antibiotics before surgery to reduce the 
risk of sepsis. They may benefit from fairly prolonged preop- 
erative treatment, such as | week of a quinolone before per- 
cutaneous nephrolithotomy (PCNL).? 
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38.1.1 Indications for Treatment of Stones 


When considering how we arrive at the current treatment con- 
sensus in our medical specialty, we should bear in mind his- 
torical factors. This is all the more so when the evidence base 
does not clearly point to a particular answer. Before the advent 
of endourological and minimally invasive methods of treating 
stones, the only options for treatment were conservative or 
open surgical methods. Due to the latter’s significant morbid- 
ity, there was a natural reluctance in particular to treat inci- 
dental, or essentially asymptomatic calyceal calculi. 

In the modern age, there remain clear indicators for surgi- 
cal treatment whether a stone is large or small and indepen- 
dent of its location in the kidney or ureter. These consist of 
persistent pain, urinary tract infection, nonprogression of a 
ureteric calculus, and obstruction to urine drainage without 
spontaneous passage of a stone. However, with less invasive 
treatments, with lower morbidity and faster recovery, we can 
now rationally consider treatment of patients with mild 
symptoms. We can also consider treatment of asymptomatic 
calculi on the basis of possible reduction of risk of progres- 
sion of their stone disease. Such calculi are increasingly 
found either in isolation or in the presence of symptomatic 
calculi, due to the increasing use of CT.* 


38.1.2 Asymptomatic Stones and Treatment 


There is conflicting evidence of the natural history of 
calyceal stones from a number of small-scale studies. 
Hiibner et al., studied 63 patients for an average 7.4 years.° 
Of 80 stones studied, 38% remained unchanged, 16% passed 
spontaneously, and 40% required surgical intervention. 
During the 7.4 years of follow-up, 45% of the stones 
increased in size, 68% of the patients experienced symp- 
toms suggestive of urinary tract infection, and 51% of the 
patients experienced pain. Eight of the patients developed 
staghorn calculi during follow-up. They concluded that con- 
servatively treated calyceal stones are likely to increase in 
size, resulting in further pain or infection. Furthermore, the 
likelihood of spontaneous stone passage decreased over the 
long term, as did the risk of developing complications. 
Overall, it was felt that 83% of all calyceal stones required 
intervention within 5 years of diagnosis. 

Glowacki® reviewed 107 patients with asymptomatic 
calyceal stones and found that the cumulative 5-year proba- 
bility of a symptomatic event occurring was 48.5%, half of 
these events requiring active intervention. There was also an 
association between the development of symptoms and the 
number of previous stones, as well as the number of asymp- 
tomatic stones at presentation. 


In a smaller, more recent study,’ Inci et al., reported 24 
patients who were followed up for an average of 4.4 years 
with CT scanning, ultrasound, as well as clinical evalua- 
tion. Progression in stone size was demonstrated in 9 of 27 
renal units (33.3%) with 2 (11.1%) requiring intervention. 
There was no need for intervention during the first 2 years 
of follow-up. Three stones passed spontaneously without 
any symptoms. Pain developed in three patients during 
follow-up, and two of them passed a stone and responded 
to the analgesics without further treatment. Their conclusion 
was that observation was safe, provided that there was 
adequate supervision during follow-up. This study pro- 
vides another example of the difficulty in comparing CT 
versus plain X-ray data, in that some stones seen on CT are 
not apparent on plain X-rays. This may provide a lead-time 
bias in that stones are smaller and therefore have a more 
benign natural history. 

Further data is available indirectly from the study of 
so-called clinically insignificant residual fragments (CIRFs) — 
fragments of less than 4 mm following SWL in particular. 
The term remains controversial, as persisting fragments 
might be important risk factors for stone growth and recur- 
rence. Osman et al.,* evaluated 173 patients who had been 
treated by SWL and discharged with CIRF. Mean follow-up 
was 4.9 years. Seventy-eight percent of the patients were 
recurrent stone formers with more than two stone episodes. 
In 78.6%, CIRF cleared spontaneously within a few weeks 
and did not recur within 5 years. However, residual stones 
led to stone recurrence and need of retreatment in 21.4%. 
There was no difference in stone growth between different 
locations in the kidney, with 23% of renal pelvis CIRF grow- 
ing compared with 26.5% in lower pole calyces, and 27% 
and 26% respectively in middle and upper pole calyces. The 
authors concluded that whilst most CIRF pass spontane- 
ously, one-fifth of the patients developed new stones at the 
side of residual fragments, thus it was clear that close follow- 
up is required. Given the data on stone-free rates following 
SWL as judged by CT scans, however, one might justifiably 
conclude that the stone recurrences in this study were, in 
fact, growth of fragments that never cleared but were too 
small to be seen on plain X-rays. 

In one of the few prospective, randomized, controlled 
studies in urolithiasis, the results of conservative treatment 
versus SWL were compared for small, asymptomatic calyceal 
stones.” Two hundred twenty-eight patients with <15 mm 
total diameter asymptomatic calyceal stones were random- 
ized to SWL or observation. In a mean 2.2 years of follow- 
up, there was no statistically significant difference in 
stone-free rates, noninvasive interventions, quality of life, 
renal function, or symptoms between the two groups, but ten 
patients in the observation group required invasive proce- 
dures, compared with none in the SWL group. There was 
also a trend towards higher stone-free rates in the treatment 
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group, although this did not reach statistical significance. 
The main conclusion of this trial was unfortunately that lon- 
ger follow-up was likely to be required to identify significant 
differences between the groups. 

There is thus, no consensus on the safety of observation 
for asymptomatic renal calculi, but it seems likely that larger 
stones at least require very careful follow-up if not early inter- 
vention, whilst very small fragments present little hazard to 
the majority of patients. In a world of increasing scrutiny of 
health economics, it is not justified to spend resources in 
extended close follow-up of such patients. Many stones will 
clearly fall between these two scenarios and the clinical deci- 
sion may best be guided by patient and physician preference. 


38.1.3 Asymptomatic Stones: Staghorn Calculi 


The presentation of patients with staghorn calculi may vary 
from no symptoms up to a devastating presentation with uro- 
sepsis or renal failure. Whilst a poorly defined term, it is gener- 
ally agreed that these are calculi filling a major part of a renal 
collecting system, usually occupying the renal pelvis and one 
or more calyces. Most staghorn calculi consist of struvite.'° As 
with small asymptomatic calyceal stones, it had been thought 
by some that they could be left untreated. However, Blandy and 
Singh'' compared 60 patients having untreated staghorn stones 
with 125 staghorn stone patients who underwent operative 
removal. The 10-year mortality for untreated staghorn stone 
patients was 28% versus 7.2%, for patients having their stones 
removed by open surgery. Similar results were obtained by a 
great number of other authors including Koga,” Teichmann," 
and Rous." In separate studies, they examined more than 400 
patients with follow-up in each of almost 8 years. Patients in 
nonsurgical groups suffered both higher renal failure and mor- 
bidity and mortality rates. The evidence became overwhelming 
for intervention, although it should be noted that none of the 
studies were randomized controlled trials. 

The American Urological Association (AUA) Report on 
the Management of Staghorn Calculi, recommends percuta- 
neous nephrolithotomy as the first-line treatment for stag- 
horn calculi. Open stone surgery is now rarely performed 
for reasons later discussed. 


38.2 Treatment Options 


Debate continues on the optimum treatment for different stone 
sizes and locations. Present options for treatment of renal and 
ureteric stones remain shock wave lithotripsy (SWL), percuta- 
neous nephrolithotomy (PCNL), rigid and flexible ureterorenos- 
copy (URS), and laparoscopic stone surgery. Combinations of 


each may also be utilized, in particular the “sandwich technique” 
of alternating SWL with PCNL for the treatment of staghorn 
calculi. Open stone surgery (OSS) was demonstrated to have 
greater intraoperative and postoperative complication rates than 
percutaneous nephrolithotomy in a recent randomized prospec- 
tive trial of 79 patients.'° Major complications including bleed- 
ing requiring blood transfusion, and pleural, vascular, or ureteral 
injuries were reported in over 37% of patients with OSS. Similar 
stone-free rates and faster discharge and recovery were reported 
with PCNL. Given appropriate access to, and skills with the 
aforementioned techniques, OSS is rarely required for stone 
management. Furthermore, OSS has declined to the extent that 
operative experience of OSS is becoming increasingly rare and 
complications may therefore become more likely. 


38.2.1 Extracorporeal Shock Wave Lithotripsy 


In many centers, SWL has effectively become the first-line 
treatment for the great majority of renal and indeed ureteric 
stones. This is due to its very low morbidity, high acceptabil- 
ity to patients and physicians, and the fact that general anes- 
thesia is usually not required with modern lithotriptors. In 
addition, there is increased access to lithotriptors due to capi- 
tal cost reduction, in association with relatively generous 
payment under most health care systems. 

In our algorithm of how to treat an individual stone, the first 
question is therefore “Are the stone and patient suitable for 
SWL?” Assuming the patient is suitable (for absolute and rela- 
tive contraindications to SWL see Table 38.1), the three prin- 
ciples for successful SWL are: (1) ability to transmit the shock 
wave to the patient’s stone, (2) the shock wave to act upon a 
breakable stone of a reasonable size, and (3) for the anatomy 
and physiology of the pelvicalyceal system, ureter, and indeed 
bladder to be such that fragments can spontaneously pass. 


Table 38.1 Contraindications to SWL 


Absolute Relative 


Pregnancy Distal stones in young women 
Uncontrolled coagulopathy Aneurysms 


Abnormal renal anatomy (ectopia, 
acute infundibulo-pelvic angles) 


Uncontrolled hypertension 


Distal obstruction 


Ureteric anatomy (e.g., PUJ 
obstruction) 


Untreated urinary tract 
infection 


Cystine 
Mental abnormality/poor compliance 
Obesity 


Spinal abnormalities 
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For the majority of renal calculi and ureteric calculi not 
overlying the sacrum these criteria are indeed met.!”'* Failures, 
however, may occur in the following circumstances. 


38.2.1.1 Failure to Transmit Sufficient Energy 
to the Stone 


The shock waves generated by different lithotripter 
machines clearly vary and this has been demonstrated to 
have significant effects on the success of SWL, in terms of 
fragmentation, stone-free rates, and retreatment rates.’ 
The relatively large focal zone, overall power of the 
machine, and the efficiency of shock wave propagation 
using a full water bath rather than gel cushion appears to 
confer great advantage on the original Dornier HM-3 spark 
gap lithotripter. The ultrasound gel used for third-genera- 
tion lithotriptors may be an overlooked factor in the lower 
success rates.” 

In addition, failure to adequately transmit the shock wave 
to the target may be experienced in obese patients both by 
attenuation and inability to focus the shock wave. Power set- 
tings may need to be increased to uncomfortable levels to 
allow any chance of efficacy. Furthermore, those patients with 
morbid obesity may be simply too heavy for the SWL table. 

Stones overlying bone may be in the acoustic shadow of 
the shock wave, or may make SWL painful and therefore 
poorly tolerated. Finally, stones that are non- or poorly radio- 
opaque cannot be adequately treated unless the lithotriptor 
has ultrasound capability and can be targeted effectively. 


38.2.1.2 Large Stone Size 


It is intuitive that SWL is not an appropriate treatment for 
particularly large stones, as the energy required to fragment 
the stone would require an unreasonably large number of 
treatments. Furthermore, the volume and size of fragments 
produced may well exceed the capacity of the ureter to pass 
them, resulting in steinstrasse. This risk is approximately 5% 
with renal stones smaller than 10 mm, 15% for 10-20 mm 
stones, and 25% for stones greater than 20 mm. For ureteric 
stones, steinstrasse rates were around 3% for stones less than 
10 mm and 10% for stones 10-20 mm.*! Whilst prophylactic 
stenting reduces the incidence of steinstrasse, it is clearly 
invasive and may reduce the spontaneous passage of frag- 
ments.” Since Grasso’s 1995 review” of SWL failure in 121 
patients, showing stones greater than 22 mm were associated 
with SWL failure, this has generally been the “cutoff” 
accepted by urologists for renal pelvis and upper/mid pole 
calyceal stones. Since the Lower Pole I randomized trial pub- 
lication,” for lower pole stones the cutoff has generally been 
10 mm, although not because of the risk of complications but 


rather because of the low reported success rate. One should 
still consider SWL to be a reasonable option for lower pole 
stones between 11 and 20 mm in size, but other options, espe- 
cially PCNL, become more attractive. 


38.2.1.3 Failure of Stone Fragmentation 
and Passage of Fragments 


Grasso’s paper also noted the association of SWL failure 
with stones composed of calcium oxalate monohydrate and 
brushite, where energy required to fragment the crystal 
structure is greater than can be produced and transmitted. 
The poor results of SWL on cystine stones are well 
established.” 

Anatomy, particularly of the lower pole infundibulopelvic 
angle, infundibular length and width has been shown to be 
relevant to success; a smaller number of lower pole minor 
calyces, obtuse infundibulopelvic angles, short infundibular 
length and wide-necked infundibula being clearly favorable 
to the passage of fragments.” Once stone fragments have 
passed into the ureter, an unobstructed peristalsing ureter is 
needed to propel fragments into the bladder before eventual 
excretion. Clearly any condition affecting the ureter (e.g., 
pelviureteric junction obstruction or ureteric stricture) or the 
bladder (such as bladder outflow obstruction or neuropathic 
bladder) will have a negative impact on success. 

The great variety of factors affecting the success of SWL 
for ureteric and renal stones has led several groups to develop 
nomograms to help predict the success of SWL. Kanao et al., 
have recently attempted to develop a predictive nomogram 
for stone-free status at 3 months following single session of 
SWL using stone size, location, and number.” Gomha et al., 
showed site, length, and width of the stone and the presence 
of a ureteral stent were the only significant predictors of suc- 
cess of SWL therapy for ureteric stones.® A similar group 
has also drawn up a further nomogram for renal stones.*! 


38.2.1.4 The Success Rates of SWL 


The EAU/AUA Ureteral Stones Clinical Guidelines Panel 
analyzed all available studies, the vast majority of which were 
single-center case series. They found that following in-situ 
SWL monotherapy, median stone-free rates for stones less 
than 1 cm in diameter were 86% and 82% in the distal and 
proximal ureter, respectively.” One must keep in mind, how- 
ever, that results of SWL for ureteric stones from randomized, 
prospective studies, as summarized by a recent Cochrane 
review, were between 51% and 100%.” Thus, reporting bias 
appears to play a major role in the SWL literature. 

Success rates for renal calculi vary considerably, based on 
the definition of success. Traditionally, a plain abdominal X-ray 
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was used to assess outcomes and many authors defined success 
to include residual fragments up to 4 mm in size, the so-called 
clinically insignificant residual fragments (CIRF) discussed 
previously. This is clearly not an adequate endpoint of “suc- 
cess”, particularly for recurrent stone formers where fragments 
may act as nuclei for further stone growth. For example, the 
results of fixed and mobile lithotriptors audited from the south- 
west region of England showed stone-free rates were disap- 
pointingly low (16.7—26.7%); however, the results improved 
when fragments of <4 mm were included as “successful”, giv- 
ing an overall success rate of 45.9-66.7%.** Another clear 
example of the discrepancy between SWL outcomes as reported 
by single centers compared with randomized controlled trials 
(RCTs) is the Lower Pole Study Group publications. When 
plain X-rays were used to assess success, SWL had an overall 
stone-free rates of only around 37%, compared with 95% for 
percutaneous surgery.” Furthermore, when CT scans were used 
to assess outcomes for the treatment of small lower pole stones, 
the stone-free rate following SWL dropped further to 25%. 

It is not absolutely known why the results of treatment of 
lower pole stones with SWL are poorer than those stones in 
middle and upper pole calyces. It is clearly suspected and 
there is strong circumstantial evidence that, just as with 
horseshoe kidneys, drainage from the lower pole is relatively 
impaired compared with other calyces. Interestingly, in sup- 
port of the idea that gravity-dependent areas of the kidney 
lead to reduced expulsion of SWL fragments, there is some 
evidence that percussion, diuresis, and inversion (PDI) ther- 
apy may be beneficial in increasing clearance of lower pole 
fragments,” including randomized controlled studies.*°*’ 
Perhaps disappointingly it has not gained widespread use. 

Elbahnasy et al., examined various anatomical factors 
relating to the lower pole and found that based on a pretreat- 
ment IVU, infundibulopelvic angle 90° or greater, infundibu- 
lar length less than 3 cm and width greater than 5 mm all 
correlated with an improved stone-free rate after SWL.” In a 
prospective trial, Sampaio and associates found that 72% of 
patients became stone free after SWL when the infundibu- 
lopelvic angle was greater than 90°, but only 23% of patients 
were stone free when the angle was less than 90°.” There 
have been many other mainly retrospective studies investigat- 
ing the influence of lower pole anatomy on stone clearance. 
Keeley et al., reported on 116 patients with lower pole stones 
between 11 and 20 mm who underwent SWL. An obtuse 
infundibulopelvic angle, lack of calyceal distortion, and a 
large infundibular diameter were all associated with a stone- 
free status, but the infundibulopelvic angle was the only fac- 
tor to attain statistical significance in predicting stone-free 
status. The Lower Pole I Study failed to show an influence of 
lower pole anatomy on success rates.” In summary, many 
anatomical factors may play a role in the relatively poor clear- 
ance of stones from the lower pole. No consensus has been 
reached, however, in using these factors to predict outcomes. 


38.2.2 Flexible and Rigid Ureterorenoscopy 


Whilst originally developed for use in the ureter, the advent of 
fully deflectable ureterorenoscopes together with holmium 
laser fragmentation has increased their indications in stone 
treatment to include renal calculi, including many lower pole 
calculi. Relative contraindications to ureterorenoscopy (URS) 
include difficult ureteric access, abnormal ureteric anatomy, in 
particular strictures, or a convoluted ureter. Relative indications 
include obesity, as the ureteroscopic approach to the renal col- 
lecting system is not greatly affected by the presence of adi- 
pose tissue. Ureterorenoscopy may be the preferred treatment 
for morbidly obese patients when the stone burden is not exces- 
sively large.“ Ureterorenoscopy is also the preferred treatment 
modality in anticoagulated patients, particularly those for 
whom anticoagulation cannot be safely temporarily discontin- 
ued. Grasso and Chalik reported that even when patients’ coag- 
ulopathies were not fully corrected, stones could be successfully 
treated with no increase in complications from bleeding."! 

Clearly, for the great majority of patients with ureteric 
stones of less than 5 mm spontaneous passage of stone is the 
expected natural history of acute ureteric colic.*** For the 
minority of stones that require intervention, the remaining 
options comprise SWL or ureteroscopy. The recently updated 
AUA/EAU guidelines’ from 2007 reviewed the published 
literature, which suggested that stone-free rates are some- 
what superior with ureteroscopy for all sizes of stone and for 
all positions in the ureter apart from proximal ureteric stones 
under 10 mm. Ureteroscopy has a slight advantage over SWL 
at removing stones less than 10 mm in diameter; it eliminates 
stones in 93% of patients versus 86% with SWL. URS 
removes 87% of stones larger than 10 mm, whereas SWL 
removes 67%. The data on which these recommendations 
relied were generally, however, of poor quality, with many 
retrospective series included and few randomized clinical tri- 
als. They did, however, suggest the relative ascendancy of 
ureteroscopy in ureteric stone management, compared with 
the former guidelines published in 1997.4 

A recent Cochrane review*’ included higher quality pro- 
spective multicenter studies. It concluded that stone-free 
rates were lower in patients treated with SWL than those 
treated with ureteroscopy. Furthermore, these rates were usu- 
ally measured at a generous interval of up to 3 months. Thus, 
those patients treated unsuccessfully with SWL may have a 
long wait before receiving definitive treatment or passing 
stone fragments. Retreatment rates were also lower in the 
ureteroscopy group. The rate of complications and length of 
hospital stay were, however, higher in the ureteroscopy 
group. The great majority of complications were minor, such 
as hematuria. The specific and major complications of uret- 
eroscopy essentially revolve around significant ureteric 
trauma, either manifesting as peri-operative ureteric avulsion, 
perforation, or late stricture formation. 
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Studies considered in this analysis did include techniques 
and equipment that might now be considered obsolete: ure- 
teroscopes up to 11.5 Fr diameter and stone fragmentation 
with electrohydraulic, pneumatic, and ultrasound probes. 
More modern semirigid ureteroscopes, such as the Gyrus 
ACMI Bagley™, measure only 6.9 Fr. This reduced diame- 
ter significantly improves success rates and reduces periop- 
erative ureteric trauma, likely leading to lower complication 
rates. 

For work in the upper ureter, these series commonly 
included only rigid ureteroscopy; by contrast, current prac- 
tice is often to use a smaller diameter flexible ureteroscope. 
The now widespread use of the holmium/YAG laser enables 
safer fragmentation of stones compared with older electro- 
hydraulic and pneumatic technologies. Furthermore, laser 
fragmentation frequently obviates the need for basket extrac- 
tion. This further reduces the risk of operative damage to the 
ureter from a basket becoming trapped. The holmium/YAG 
laser’s inherent properties, with penetration of only around 
0.5 mm if misfired into the ureteric wall, reduce risk of ure- 
teric perforation. Advances in ureteroscopic techniques con- 
tinue, with the recent introduction of improved optical 
performance from ureteroscopes with inbuilt digital cameras 
at their distal end, the so-called “chip at the tip”, and improved 
extraction baskets. Thus, ureteroscopy may continue to 
improve in both ease and safety in the future. 

The main disadvantage of ureterorenoscopy compared 
with other modalities is clearly the frequent need for postop- 
erative stenting, which many centers still practice as stan- 
dard. The presence of a ureteric stent is clearly associated 
with a decreased quality of life, and lower urinary tract 
symptoms.*° This increasing awareness amongst clinicians 
of how stents affect quality of life has led to a more critical 
approach when deciding whether post ureteroscopy stenting 
is obligatory in an individual patient.” 


38.2.3 Percutaneous Nephrolithotomy 


Percutaneous nephrolithotomy (PCNL), performed in the 
traditional manner, involves the puncture of an appropriate 
renal calyx and subsequent dilatation to introduce a 28—30 Fr 
working sheath, such as an Amplatz sheath, into the kidney. 
This allows fragmentation and removal of larger stones with 
instruments utilized via a nephroscope. Postoperatively a 
nephrostomy would be placed to produce tamponade of the 
potentially bleeding kidney as well as divert urine in case of 
obstructing small fragments of stone or blood clot. Clearly, 
the biggest risk with the procedure has been the initial punc- 
ture, which could inadvertently damage a major renal vessel, 
or even neighboring bowel or pleura. 

Just as technology has changed ureterorenoscopes, in 
recent years many variations of PCNL have been described. 


“Mini perc” or PCNL through a smaller sheath is an attempt 
to reduce the pain and morbidity of the renal puncture.**~° 
The term is, however, rather poorly defined and has been 
applied to a sheath from 11Ch up to 26Ch. It may be used in 
conjunction with “tubeless PCNL’”,*® where no nephrostomy 
is placed postoperatively. This may be appropriate if there is 
deemed to be no significant bleeding, no residual stone load, 
an intact pelvicaliceal system, and no evidence of a residual 
ureteral stone. 

PCNL is in general indicated for larger renal calculi, in 
harder to reach locations, such as calyceal diverticula, horse- 
shoe kidneys, or in stones unlikely to fragment with the use 
of SWL, such as cystine or calcium oxalate monohydrate. 
SWL is generally contraindicated in cystine stones, and cer- 
tainly can only be used on an extremely selective basis.>! 
Recently, Rudnick et al.,°* reported that ureterorenoscopy in 
six patients with cystine stones 1.5-3 cm achieved a stone- 
free rate of 83%. They suggested that flexible ureterorenos- 
copy (FURS) be considered an alternative to PCNL in 
cystinuric patients with stones 1.5-3 cm. The lower morbid- 
ity of FURS over PCNL makes it an attractive option for 
cystinuric patients likely to face repeated surgery during 
their lifetime. 

As well as hard stones, PCNL is also preferred to SWL in 
treating soft matrix calculi that are associated with urea- 
splitting organisms and are mainly composed of gelatinous 
glycocalyx or biofilm matrix with interspersed struvite crys- 
tals.°*°* Matrix stones are relatively radiolucent and are best 
managed with PCNL, usually with ultrasonic energy sources 
to disrupt their structure combined with suction evacuation. 

Stones in calyceal diverticula may be difficult, if not 
impossible, to reach with the flexible ureterorenoscope. 
Historic treatment was with open stone surgery, but this has 
become very uncommon. In general, it is advantageous to 
obliterate the diverticulum at the same time as treating the 
stone, in order to prevent recurrence. This can be performed 
with ureterorenoscopy. Stone-free rates of up to 84% have 
been claimed for ureterorenoscopic approaches,” although 
there was clear anecdotal evidence that lower pole divertic- 
ula were difficult to locate, with five of seven such proce- 
dures abandoned. Successful ureteroscopy as a single 
modality is therefore somewhat limited to upper and middle 
calyceal diverticula with stones <1 cm. Successful treatment 
requires location at the narrow infundibulum and infundibu- 
lotomy performed with Nd:YAG laser or balloon dilatation 
before stones are treated and the diverticulum similarly 
obliterated. 

Diverticula may also present an excessively narrow 
infundibulum to allow fragments to pass even after success- 
ful fragmentation with SWL. Obliteration of the diverticu- 
lum clearly cannot be achieved with SWL. However, in one 
of the largest studies, whilst stone-free rates for calyceal 
diverticular stones treated with SWL were disappointingly 
low at around 21%, many more patients (61%) became 
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asymptomatic following SWL. Results with PCNL were, 
however, significantly superior: 15 patients (83%) were 
stone free in the short term. PCNL is thus, the most widely 
used endourological option for calyceal diverticular stones.” 
In another non comparative study of 31 cases treated with 
PCNL, 1-year stone-free rates were 84%, and 88% of 
patients were asymptomatic at an average 2-year follow- 
up.” Furthermore, PCNL may allow for the obliterative 
management of the diverticulum itself. 

PCNL is further indicated as the primary treatment modal- 
ity when there is evidence of poor urinary drainage, such as 
may occur with ureteric stricture, pelviureteric junction 
obstruction, or horseshoe kidney. The results of PCNL for 
stones in horseshoe kidneys are generally superior to those 
of SWL. Stone-free rates after a single PCNL procedure have 
been quoted at 77%®° compared with 66% for SWL for sig- 
nificantly smaller stones in the same study, and 81% in a 
separate study. 

Although many retrospective studies would seem to 
suggest that lower pole anatomy plays a significant role in 
predicting stone clearance (see previous discussion), the 
prospective, randomized Lower Pole I study™ failed to 
demonstrate any difference in lower pole anatomical mea- 
surements between kidneys in which complete stone 
clearance did or did not occur. This study suggested sim- 
ply that it was stone burden that played the overwhelming 
role in predicting SWL success or failure. This had previ- 
ously been suggested in the meta-analysis by Lingeman,° 
showing stone-free rates of 74%, 56%, and 33% for stones 
10 mm or smaller, 11-20 mm, and larger than 20 mm, 
respectively. 

Indeed, with smaller stones <10 mm there is certainly 
little evidence that there is a significant difference between 
SWL and URS. Pearle et al., performed a multicenter 
prospective randomized study and found nonsignificant 
differences in stone-free rates at 3 months of 35% and 
50% in SWL and URS, respectively. This was based on 
postoperative non contrast CT. This study was terminated 
early because of poor recruitment combined with an 
interim analysis that suggested that no difference was 
likely to be shown by completing the study. The small 
sample size, however, makes it more difficult to reach 
definitive conclusions. 

Thus, SWL is the preferred initial approach for most 
patients with lower pole stones less than 1 cm in size, 
whereas PCNL is the primary therapy for stones greater 
than 2 cm. For patients with stones between 1 and 2 cm, 
there is still some controversy. PCNL, URS, and SWL are 
all acceptable. Considerations clearly include stone compo- 
sition, as well as lower pole anatomy. Who would deny a 
patient with a 2 cm stone with a short, wide infundibulum 
and “shallow” lower pole the option of SWL? Unfortunately, 
with increasing use of non contrast CT, this anatomical 
information may not be clearly available for the individual 


patient. In answer to this, CT reconstruction can be used to 
provide adequate information and, in fact, may prove to be 
more useful by showing a three-dimensional image.™ 


38.2.4 Laparoscopic Nephrolithotomy 
and Ureterolithotomy 


When natural orifice or percutaneous surgery has failed or is 
considered inappropriate, a patient may be considered for a 
laparoscopic procedure in the same way that an open proce- 
dure might formerly have been the treatment of choice. 
Transperitoneal™ and retroperitoneal approaches” to the kid- 
ney and ureter were both described early in the development 
of techniques. Furthermore, either approach can also be 
combined with URS.“ Keeley et al., reported 14 patients 
undergoing transperitoneal laparoscopic ureterolithotomy. 
This represented only 1.1% of 1,240 stone patients treated 
during a 5-year period. The indications included stones that 
could not be accessed ureteroscopically or failed to fragment 
with other treatment modalities. Large (greater than 1.5 cm) 
proximal ureteric stones were also considered a relative indi- 
cation. All patients in this series were rendered stone free 
after a single procedure. El-Moula et al., considered the 
procedure as a primary treatment for large impacted stones 
or as a Salvage procedure after failed shock wave lithotripsy 
or ureteroscopy. Successful completion of the procedure 
occurred in 95% of cases. 

The results of Keeley et al., (14 patients) and also El-Moula 
(74 patients over 4 years) indicate that even in tertiary cen- 
ters, laparoscopic stone surgery is an uncommon procedure. 
Clinicians encountering patients in whom they are consider- 
ing such surgery must clearly consider this in judging the 
optimum treatment for their patient, both in terms of which 
facility and which clinician performs this procedure. 


38.3 Conclusions 


For every stone and every patient, there is clearly a wide variety 
of considerations in choosing a treatment for their stone dis- 
ease. Our own approach is generally first to consider if treat- 
ment is truly necessary — conservative treatment carrying few 
risks in many patients. Then, in consideration of stone size, 
location, symptoms, anatomy, stone composition, and patient 
factors, we consider which surgical treatments may be offered. 
It is only then and after full and open discussion with the patient 
of the merits and disadvantages of each choice that a treatment 
is selected. No algorithm can reproduce the exact decision- 
making process of treatment for stones, but Figs. 38.1—-38.3 
illustrates some general principles. Treatment preferences are 
indicated by thickness of arrows in the flow chart. 
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Fig. 38.1 Treatment algorithm 


for ureteric stones Ureteric stone 


<5 mm, symptoms controlled >5 mm, symptomatic 


Conservative Rx 


Visible on plain radiograph? 


No 


Contraindications to SWL? 


Failure of conservative RX 


Failure 
of SWL 


Symptomatic lower pole renal stone 


?Favorable anatomy 
for fragment passage 


Fig. 38.2 Treatment algorithm 
for symptomatic lower pole renal 
stones 


Failure Failure 
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Fig. 38.3 Treatment algorithm 
for symptomatic non-lower pole 


renal stones 


No 
Yes 
aia Failure 
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Part VII 


Extracorporeal Shock Wave Lithotripsy 


Renal Stones 


Tamer El-Husseiny, Athanasios Papatsoris, Junaid Masood, 
and Noor N.P. Buchholz 


Abstract Renal stone disease is a significant and worldwide health problem, and extracorporeal 
shock-wave lithotripsy (SWL) has revolutionized the treatment for most patients with urolithia- 
sis since its introduction in the early 1980s. In SWL, shock waves are generated by a source 
external to the patient’s body and are then propagated into the body and focused on a kidney 
stone. Types of shock-wave generators are the electrohydraulic (spark gap) generator, the 
electromagnetic generator, and the piezoelectric generator. Imaging used during SWL includes 
fluoroscopy, ultrasonography, and combination of both fluoroscopy and ultrasonography. Initial 
SWL treatment required general or regional anesthesia, but the development of new-generation 
lithotripters has led to the reduction of shock wave—induced pain, thus minimizing the anesthetic 
requirement. Complications of SWL are mainly those related to stone fragments, infectious 
complications, and tissue damage through SWL. Contraindications to SWL treatment are preg- 
nancy, blood clotting disorders, urinary tract infection, aortic and/or renal artery aneurysms, 
severe obesity, and certain malformations. Today, about 80% of all urinary stones and the majority 
of kidney stones can be successfully treated with SWL in a minimally invasive fashion. Most 
renal stones in adults can be treated in a day case setting. 


39.1 Introduction severe obesity, and certain malformations precluding correct 
patient positioning. Relative contraindications are stone size, 
stone location in the lower pole calyx or within a calyx diver- 


ticulum, stone composition, pain tolerance, and the inability of 


The concept of using shock waves to fragment stones was 
noted in the 1950s in Russia. However, it was during the inves- 


tigation of pitting on supersonic aircraft that Dornier, a German 
aircraft corporation, rediscovered that shock waves originating 
from passing debris in the atmosphere can crack something 
that is hard. It was the ingenious application of a model devel- 
oped with the hope of understanding such shock waves that 
extracorporeal shock-wave lithotripsy (SWL) emerged.! 

Renal stone disease is a significant and worldwide health 
problem,”* and extracorporeal shock-wave lithotripsy (SWL) 
has revolutionized the treatment for most patients with uro- 
lithiasis since its introduction in the early 1980s.*° 

The majority of urinary tract stones can be treated with 
SWL. Contraindications to SWL treatment in renal stone 
include pregnancy, uncontrolled blood clotting disorders, active 
urinary tract infection, aortic and/or renal artery aneurysms, 
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a patient to remain still during treatment. A pacemaker is, how- 
ever, not a contraindication.*” 

The HM-1 (Human Model-1) lithotripter underwent mod- 
ifications in 1982 leading to the HM-2 and, finally, to the 
widespread application of the HM-3 in 1983. Since then, 
thousands of lithotripters have been put into use around the 
world, with millions of patients successfully treated.’ 


39.2 Physics of SWL 


In SWL, shock waves are generated by a source external to 
the patient’s body and then propagated into the body and 
focused on the kidney stone. The uniqueness of this device 
lies in its exploitation of shock-wave focusing. Relatively 
weak, non-intrusive waves are generated externally and 
transmitted through the body. The shock waves build up to 
sufficient strength only at the target, where they generate 
enough force to fragment a stone. Stones are broken by 
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different mechanisms, including both compressive and 
tensile forces.* 

Currently, there are three different shock-wave generators 
in use worldwide: 


1. The electrohydraulic (spark gap) generator produces a 
spherically expanding shock wave by an underwater spark 
discharge.’ 

2. The electromagnetic generators produce either plane or 
cylindrical shock waves. The plane waves are focused by 
an acoustic lens; the cylindrical waves are reflected by a 
parabolic reflector and transformed into a spherical wave." 

3. The piezoelectric lithotripter also produces plane shock 
waves with directly converging shock fronts.’ 


39.3 Imaging 


Imaging for localization of a stone and focusing onto it is a 
crucial part of every SWL treatment. The better the imaging, 
the better the clinical outcome that can be expected. However, 
stones <5 mm will be difficult to locate with any of the meth- 
ods available. 


39.3.1 Fluoroscopy 


The original Dornier HM3 lithotripter used two X-ray con- 
verters arranged at oblique angles to the patient and 90° from 
each other to localize the stone effectively at F2. To reduce 
the cost of lithotripters, an adjustable C-arm has been subse- 
quently introduced on many devices.* 

The primary advantages of fluoroscopy include its famil- 
iarity to most urologists, the ability to visualize radiopaque 
calculi throughout the urinary tract, the ability to use iodi- 
nated contrast agents to aid in stone localization, and the 
ability to display anatomic detail.* 

The disadvantages include the exposure of the staff and 
patient to ionizing radiation, the high maintenance demands 
of the equipment, and the inability to visualize radiolucent 
calculi without the use of radiographic contrast agents.* 
During follow-up after SWL the appropriate use of hemi- 
KUB X-rays is a simple and effective way of significantly 
reducing the radiation exposure of such patients.!°"! 


39.3.2 Ultrasonography 


Ultrasound has the advantage of real-time (continuous) 
imaging, absence of exposure to ionizing radiation, the abil- 
ity to image radiolucent calculi, and much lower costs than 
fluoroscopic systems. '” 


There are a number of significant disadvantages of ultra- 
sound imaging. Sonographic localization of a kidney stone 
requires a highly trained operator. It is almost impossible to 
view a kidney stone in areas such as the middle third of the 
ureter or when there is an indwelling ureteral catheter. Stones 
<5 mm may not be located, and once a stone is fragmented, it 
can be difficult to identify the remaining stone fragments.® 


39.3.3 Combination of Ultrasonography 
and Fluoroscopy 


As the demand for interdisciplinary lithotripters has 
increased, the lithotripsy industry has responded, in some 
cases, by combining ultrasonography and fluoroscopy for 
stone localization. There are clear advantages to these set- 
ups, but each system has a drawback that limits one of the 
functions of the system.* 


39.4 Anesthesia 


Initial SWL treatment required general or regional anesthesia, 
but the development of new-generation lithotripters has led to 
the reduction of shock wave-—induced pain, thus minimizing 
the anesthetic requirement. '>'* 

Modern lithotripters generate less powerful but more 
accurate shock waves that produce less pain, and patients 
need not be anesthetized or sedated during the procedure.'*:"* 
Nevertheless, some form of analgesia may still be needed to 
avoid patient discomfort.'° 

The pathogenesis of SWL-related pain is not clear. It has 
been postulated that pain results from stimulation of nocice- 
ptive nerve endings in tissues along the shock-wave path; 
this is not considered a direct mechanical effect but rather is 
mediated by cavitation and generation and movements of gas 
bubbles in the body fluids or tissues.!° 

Several techniques have been used to reduce shock wave— 
induced pain: topical creams, infiltrating local anesthesia, 
nonsteroidal anti-inflammatory drugs (NSAIDs), intrave- 
nous sedation, and opioids. Topical anesthetic agents such as 
EMLA cream (lidocaine and prilocaine)'’ and infiltrating 
local anesthesia have been reported to decrease the need for 
opioid-based analgesia in patients undergoing SWL.'*'° 

Intravenous administration of opioids, such as fentanyl 
and its analogs, has been effective in controlling pain during 
SWL, either alone or combined with other forms of analge- 
sia or sedation.” ” Despite their effectiveness, however, opi- 
oid analgesics may potentially cause severe adverse events, 
such as nausea and vomiting, over-sedation, significant respi- 
ratory depression, and oxygen desaturation,” which may limit 
their use, particularly in the outpatient setting of SWL. 
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39.5 Indications 


The indication for SWL treatment of renal stones is dependent 
on the stone size. 

For patients harboring non-staghorn stones <10 mm, 
SWL is usually the primary approach.’ 

For patients with stones between 10 and 20 mm, SWL can 
still be considered a first-line treatment unless factors of 
stone composition, location, or renal anatomy suggest that a 
more optimal outcome may be achieved with a more invasive 
treatment modality such as percutaneous nephrolithotomy 
(PCNL) or rigid/flexible ureteroscopy (URS).® 

Patients with stones larger than 20 mm should primarily 
be treated by PCNL unless specific indications for ureteros- 
copy are present (e.g., bleeding diathesis, obesity). If SWL 
is used, a double-J stent may be needed to prevent stein- 
strasse (the obstruction of the ureter through the line up of 
stone fragments).”° In patients harboring stones that are 
resistant to fragmentation (cystine, brushite, calcium 
oxalate monohydrate), SWL should be tried only when the 
stone burden is small. If there is no fragmentation after 
the initial two sessions, a different surgical approach 
should be chosen.’ 

The management of patients with staghorn stones by a 
combined approach of SWL and PCNL is called a sandwich 
therapy. Usually, an initial debulking PCNL is followed by 
further fragmentation of residual stones with SWL. The exist- 
ing tract is then used for a second-look PCNL to remove 
remaining fragments. This approach requires, however, a read- 
ily available lithotripter and the infrastructure to plan consecu- 
tive surgery, which cannot be done in all health systems. It has 
therefore been replaced widely by multiple tract PCNLs with 
the use of flexible ureterorenoscopy (URS) and nephroscopy 
to evacuate residual fragments in the initial session. 

SWL has a definite role in the treatment of residual frag- 
ments after more invasive treatments of renal stones, and of 
resulting steinstrasse.* 


39.6 Contraindications 


Pregnancy is an absolute contraindication to SWL because 
of the potential disruptive effects of the shock-wave energy 
on the fetus.” 

SWL in anticoagulated patients may lead to severe sub- 
capsular and intrarenal hematomas (Fig. 39.1) and persistent 
hematuria with renal colic through blood clots. Although 
SWL in patients with uncorrected coagulopathy can result in 
life-threatening hemorrhage, such patients can be safely 
treated once the bleeding diathesis has been corrected. 
However, if the patient’s coagulopathy is the result of a phar- 
macologic therapy that cannot be safely discontinued, uret- 
eroscopy with laser lithotripsy is the preferable approach.” 


Fig. 39.1 Subcapsular hematoma following SWL 


For patients on antiplatelets drugs such as aspirin, this 
treatment should be stopped prior to SWL for a period that 
depends on the dose they are receiving (i.e., 1 week for low 
dose aspirin [75 mg] and 2 weeks for full dose aspirin 
[325 mg]). In general, peri-SWL blood clotting adjustments 
follow the same principles as for small-to-moderate surgical 
procedures (i.e., heparinization, INR monitoring). 

Urinary tract infections should be treated prior to SWL. It 
has been shown that bacteremia and fever are common after 
SWL, and urosepsis can result. However, although stones 
should be regarded as potentially infectious, general antibi- 
otic prophylaxis for SWL has not been recommended.” 

Patients with renal artery or aortic aneurysms are usually 
excluded from SWL treatment. It cannot be excluded that 
shock waves may go through the area of the aneurysm that 
could in theory lead to fragmentation and migration of ath- 
erosclerotic plaques or — worse — to a bursting of the thinned 
aneurysmatic wall.*° 

Patient size may exceed the manufacturer’s specifications 
for the SWL treatment table — i.e., for weight (>135 Kg) and 
height (adults >200 cm, children <120 cm) — in which case 
another treatment option must be chosen such as flexible 
URS or PCNL with extra-long instruments.*!*? 

Malformations — i.e., spina bifida (Fig. 39.2) or contrac- 
tures — may make it impossible to properly position the patient 
on the SWL table, thus making it impossible to properly cou- 
ple the shock-wave generator and localize the stone.” 

For the same reason, patients with pulmonary or cardiac 
breathing difficulties may not be able to lie flat enough to 
allow for effective coupling. 

Patients who cannot tolerate low-grade pain may not be 
eligible for SWL without anesthesia. This may be a contrain- 
dication if the lithotripter has no operating theater setup; i.e., 
supply and removal of narcotic gases. 

The same restrictions apply to patients who are unable to 
lie still through SWL treatment for whatever reason. 
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Fig. 39.2 Left renal stone in a patient with spina bifida 


Fig. 39.3 Right upper pole calyceal diverticulum stone (control film) 


Obstruction distal to the stone may hamper the proper 
passage of resulting fragments. This may be a (temporary) 
contraindication requiring treatment before SWL can be per- 
formed. Such obstructions include calyceal neck stenosis, 
renal calyx diverticulum (Figs. 39.3 and 39.4), ureteropelvic 
junction stenosis, ureter strictures, benign prostatic hyper- 
plasia, and urethral as well as meatal strictures.** 

Patients with known very hard stones such as cystine-, 
brushite-, and calcium monohydrate stone formers, in par- 
ticular if they had previously failed SWL treatment, may 
be considered contraindicated and channeled toward other 
primary treatments such as URS and PCNL.’ 


Fig. 39.4 Same patient with a right upper pole calyceal diverticulum 
stone (IVP) 


39.7 Complications of SWL 


Table 39.1 lists complications following SWL for urinary 
stones. 


39.7.1 Immediate Complications 


39.7.1.1 Complications Related to Stone Fragments 


Incomplete fragmentation resulting in residual stone frag- 
ments, steinstrasse, and consecutive renal obstruction is one 
of the problems that urologists confront when SWL fails to 
completely fragment the stone treated.” These may result in 
renal colic, renal obstruction, upper urinary tract infection, 
pyonephrosis, and urosepsis. 

Predisposing factors for incomplete stone fragmentation 
are stone composition, size, location, and number, as well as 
renal morphology and shock-wave rate and energy.”’*° The 
larger the stone, the higher is the possibility of residual frag- 
ments of a significant size. 

Also, the harder the stone the higher is the possibility of 
residual fragments of a significant size. The fragmentation 
rates of cystine and calcium oxalate monohydrate stones are 
notoriously low.*’ 

If more than two residual fragments line up in the ureter 
and lead to renal obstruction, this is called steinstrasse (mean- 
ing “stone street” in German) (Fig. 39.5). Usually, a larger 
lead fragment gets stuck within the ureter, leading to a pile-up 
of other fragments proximally. 
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Table 39.1 Complications after SWL for urinary stones 


Immediate Delayed 


Related to stone fragments Chronic renal injury: 


Infectious e Function? 
Tissue effects: e Hypertension? 
e Renal Fertility? 


e Extrarenal 


b3/2008, 09:13:59 


Fig. 39.5 Right-sided steinstrasse following right SWL in a patient 
after PCNL-debulking of complete staghorn stone on the right 


The cause of steinstrasse is usually a large stone burden, 
and thus, in most cases, stones >2.5 cm in diameter are today 
considered unsuitable for SWL monotherapy. It was also 
found that using high energies during the initial treatment for 
renal stones can cause steinstrasse through the rapid breakup 
of the stone into large fragments. A confounding factor is the 
presence of any stenosis in the course of the ureter. If an 
initial debulking PCNL does not fragment enough stone, this 
also may lead to steinstrasse.**“ 

Steinstrasse is most commonly located in the distal ureter 
(64%), followed by the proximal (29%) and mid-ureter 
(8%).3889 

Steinstrasse can be prevented by the following: 


1. Thorough patient selection 

2. Using low energies at the start of treatment, i.e., in- 
creasing the voltage gradually (a high initial voltage 
causes large fragments to pass directly into the ureter 
and obstruct it) 


3. Excluding patients with suspected narrowing of the ureter, 
or treating any stricture endoscopically prior to SWL 


A careful follow-up after SWL is essential to detect any 
steinstrasse and to avoid damaging the renal unit, especially 
in asymptomatic patients, as silent renal loss after SWL can 
occur.” 

The conservative management of uncomplicated stein- 
strasse is effective in about half of patients.” Repeated ure- 
teric SWL is successful in most remaining patients, with 
SWL used to disintegrate and to loosen the (leading) frag- 
ments. Placing a nephrostomy in patients with obstruction or 
infection can relieve obstruction and decrease the intrapelvic 
pressure, which re-establishes ureteric peristalsis and thus 
the passage of fragments. A nephrostomy may also lead to a 
decrease in ureteric edema around the fragments, which 
helps to dislodge them and allow them to pass without fur- 
ther treatment.“ 

Ureteroscopy can be used in nonfebrile patients, after the 
failure of SWL, and after placing a nephrostomy in cases 
where the steinstrasse did not clear under these measures.*>“° 

Placing a ureteric stent before SWL does not always pre- 
vent steinstrasse but can prevent their complications. Stenting 
before SWL can be considered in patients with large renal 
stones >2 cm, single kidney, and faint ureteric stones (espe- 
cially those over the pelvic bones) to aid in stone location.*°* 


39.7.2 Infectious Complications 


The renal trauma and vascular disruption associated with 
SWL may allow bacteria in urine to enter the bloodstream. 
Moreover, when infected calculi are destroyed, bacteria are 
released from the stone into the urine and may be absorbed 
systemically. As a consequence, bacteriuria, bacteremia, 
clinical urinary tract infection (UTD, urosepsis, perinephric 
abscess formation, endocarditis, candidal and Klebsiella 
endophthalmitis, candidal septicemia, tuberculosis, and 
(rarely) death have all been reported after SWL.*’ 

Careful post-SWL monitoring is important, and in an out- 
patient setting, patients must be made aware of possible 
infection and the need of re-attendance in case of symptoms. 
Clinical symptoms (pain, fever), erythrocyte sedimentation 
rate (ESR), white blood count (WBC), and urine and blood 
cultures are all helpful in detecting post-SWL bacteriuria 
and bacteremia.** 

Yet, the role of routine prophylactic antibiotics is contro- 
versial. Preoperative antibiotics should routinely be given to 
patients with infection-related stones (staghorn and struvite 
calculi), positive urine cultures, or a history of recurrent 
UTIs and to those who undergo instrumentation at the time 
of SWL.4 49-51 
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39.7.3 Tissue Damage Through Shock Waves 


39.7.3.1 Acute Renal Injury 


The two most common renal side effects seen immediately 
after SWL are hemorrhage and edema within or around the 
kidney. Patients receiving more than 200 shocks show 
gross hematuria (which is the result of direct injury to the 
renal parenchyma), which generally resolves within 
12 h.3152 

These changes are not specific to any particular litho- 
tripter, and numerous reports have documented identical 
renal bioeffects induced by second- and third-generation 
lithotripters.**°° However, the size of a lesion induced by 
electromagnetic lithotripter is much larger as compared to 
electrohydraulic lithotripter.*” 

Likewise, the renal function can be acutely affected in 
some patients. The primary change appears to be a vasocon- 
strictive response resulting in a fall in renal blood flow and 
glomerular filtration rate.* 

Risk factors that may predispose SWL patients to acute 
renal injury are age, obesity, coagulopathies, thrombocy- 
topenia, diabetes mellitus, coronary heart disease, and pre- 
existing hypertension.* 

The harmful effects of SWL can be minimized by pre- 
treating with low-energy shock waves and treating at the 
lowest power setting that fractures the stone. Using a more 
gentle approach, stone breakage can still be promoted 
by treating at slower rates, such as 1 Hz (60 shocks per 
minute).® 


39.7.3.2 Extrarenal Injury 

SWL induces acute injury in a variety of extrarenal tissues.**°” 
The unmodified HM3 has been associated with significant 
trauma to organs such as the liver and skeletal muscle, as 
detected by elevated levels of bilirubin, lactate dehydroge- 
nase LDH, serum aspartate transaminase, and creatine phos- 
phokinase within 24 h of treatment.?*°! 

Changes such as gastric and duodenal erosion have been 
identified and are thought to represent a common extrarenal 
complication of SWL therapy.” 

The lung parenchyma can suffer injury if it is exposed 
directly to shock waves. Several cases of clinically typical 
acute pancreatitis, associated with a marked rise in serum 
amylase and lipase levels, have been observed, and even in 
the absence of the symptoms of overt pancreatitis, increased 
amylase levels have been detected.* 

Myocardial infarctions, cerebral vascular accidents, and 
brachial plexus palsy have been noted after SWL. In addition, 
clinical studies noted that shock waves could induce cardiac 


arrhythmia, an observation that led to electrocardiographic 
synchronization with R-wave triggering on the Dornier HM3 
device.” 


39.7.4 Delayed Complications 


39.7.4.1 Chronic Renal Injury 


Although there still remains a paucity of information on the 
subject, four potential chronic renal changes that follow SWL 
have been discussed. They are an accelerated rise in systemic 
blood pressure, a decrease in renal function, an increase in 
the rate of stone recurrence, and the induction of brushite 
stone disease. All four effects appear to be linked to the obser- 
vation that the acute injury does progress to scar formation at 
the site of previous stone fragmentation within the kidney.’ 

Although biochemical evidence of renal injury is apparent 
immediately after SWL, blood and urine markers such as 
renin, creatinine, N-Acetyl-b-D-glucosaminidase (NAG), 
b-galactosidase (BGAL), b-2-microglobulin (B2M), and pro- 
teinuria return to near-normal levels within a few days. °° 

Perhaps the most discussed and significant chronic change 
is a possible late rise in blood pressure. The incidence of 
newly diagnosed hypertension after lithotripsy was initially 
reported to be 8%. This does not, however, significantly differ 
from the incidence of new onset hypertension in the general 
population, which is approximately 6%.°’ Systolic hyperten- 
sion per se has not been shown to rise after SWL, but diastolic 
hypertension has been found increased. This may be a dose- 
related phenomenon as an increasing number of shock waves 
correlate with more severe diastolic hypertension.“ The ques- 
tion of whether or not SWL leads to significant hypertension 
has to date not been conclusively answered. 


39.7.4.2 Fertility 


Shock wave application was of concern in young patients 
because of the fear that it may adversely affect fertility. To 
date, there is sufficient evidence from experimental and clin- 
ical studies that SWL does not have severe permanent effects 
on testicular and ovarian functions. Consequently, male and 
female fertilities are not affected by SWL.®7° 


39.8 Predictive Clinical Outcome Factors 


Failure of stone disintegration results in unnecessary exposure 
of the renal parenchyma to shock waves and the requirement of 
an alternative additional treatment procedure, which increases 


39 Renal Stones 
medical costs. Hence, it is important to identify patients who 
will benefit from SWL.” 


Lower pole stones have been consistently associated with lower 
stone-free rates following SWL when compared with upper 
and middle pole stones. Theories attempting to explain this 
finding include the tendency for stones to remain in dependent 
portions of the collecting system owing to gravity regardless of 
the degree of fragmentation.” 

Various measurements of the lower pole dimensions were 
proposed to have an effect on the outcome of SWL, such as 
the lower pole infundibulopelvic angle, and the infundibular 
length and width.” 

The lower pole of the kidney poses an anatomical challenge 
to stone fragments migrating into the renal pelvis. The lower 
infundibulopelvic angle has the greatest impact on fragment 
clearance (Fig. 39.6) followed by the infundibular length 
(Fig. 39.7). An angle of more than 70° and a length of less 
than 5 cm yield the best clinical results. Infundibular width 
(Fig. 39.7) appears to be associated with a more favorable 
outcome when >5 mm. These measurements can be easily 


Fig. 39.6 The lower infundibulopelvic angle is the angle between 
the ureteropelvic axis (A) and the vertical axis of the lower infundibu- 
lum (B) 
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Fig.39.7 Lower pole infundibular length (A) is measured as the distance 
from the most distal point at the bottom of the calyx harboring the stone 
to the midpoint of lower lip of renal pelvis. The infundibular width 
(B) is measured at the narrowest point of the lower pole infundibulum 


measured off a standard IVP film and thus be used to select 
SWL as a treatment modality with a predictably favorable 
outcome in individual cases.”* 


The first variable shown to consistently affect the success 
rate of SWL was stone burden. Accurate preoperative radio- 
logical assessment of stone burden is pivotal in predicting 
the outcome of SWL.” 

It is controversial whether two-dimensional measure- 
ment of largest diameters is sufficient or whether a more- 
dimensional approach is warranted for proper treatment 
planning.” 

Historically, plain KUB radiographs have been used for 
the initial evaluation; recently, computed tomography (CT) 
scanning has become the imaging study of choice for most 
clinicians owing to an improved measurement of stone size. 
If one wants to be more accurate, either CT coronal recon- 
structions may be obtained or both CT and X-KUB may be 
combined.” 
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39.8.3 Stone Composition/Density 


In contrast to failures resulting from a high stone burden 
resulting in difficulties in the clearance of fragments, failures 
related to stone composition result from a primary failure of 
stone fragmentation.” 

Cystine, brushite, and calcium oxalate monohydrate 
stones have demonstrated a high degree of resistance to frag- 
mentation by SWL owing to their high density, whereas less 
dense stones (calcium oxalate dihydrate, hydroxyapatite, and 
uric acid) are more susceptible to SWL.” 

Preoperative determination of stone composition has been 
proposed using radiological findings such as smooth edges, a 
homogenous appearance, and a density greater than bone 
(compared with the twelfth rib) on plain KUB.”” 

The use of preoperative non-contrast CT attenuation 
values (HU) to predict stone composition and/or amena- 
bility to SWL has recently been proposed as a significant 
predictor of failure to fragment renal stones by SWL. An 
alternative treatment should be devised for patients with 
stone density >1,000 HU.7!7°-81 

To date, determining stone composition before treatment 
remains difficult and may not be sufficient to allow predic- 
tion of the response to SWL. Therefore, pre-SWL radio- 
graphic examinations should focus on those radiological 
stone characteristics that influence SWL outcome rather than 
on stone composition.”! 


39.8.4 Renal Abnormalities and SWL 


The role of SWL in renal abnormalities is gradually being 
clarified. For stones in renal diverticula, it is generally agreed 
that stone clearance remains poor, and stone fragmentation is 
not always achieved.*” 

In other renal anomalies, the number of renal units (1.e., 
duplex kidney), the kidney shape (horseshoe, malrotated), 
and the kidney location (ectopic, crossed) are associated with 
difficult localization, incomplete clearance, and the presence 
of pelviureteric junction obstruction, which in itself may 
hamper stone clearance.*? 

Simple renal cysts and stones in polycystic kidneys are no 
contraindication for SWL treatment.“ 


39.8.5 Obesity and SWL 


Obesity has become an epidemic, predisposing to a number 
of serious illnesses including stone disease. For these 
patients, many issues have to be dealt with for successful 
SWL outcome. 


The first problem is diagnosis. Symptoms and physical 
examination are often not helpful. Imaging studies pose 
another challenge: Weight restrictions might preclude the 
use of a KUB film; a stone might be missed because of poor 
penetration. Ultrasound cannot always identify a stone, and 
CT might be unavailable in morbidly obese patients or 
those with respiratory problems due to limitation of the 
equipment. 

For SWL treatment, reinforced tables may be required 
in such patients, but the distance between F1—F2 focal points 
may remain insufficient. Abdominal straps to reduce the 
distance between shock-wave generator and stone, and high- 
power settings to treat a stone in the extended stone pathway 
may be helpful.*° 

Flexible ureteroscopy may be a better option in these 
patients, albeit slightly more invasive. 


39.9 Improving the Success Rate of SWL 


39.9.1 Shock-wave Rate 


Lowering of the shock-wave frequency from usually 120-60 Hz 
has been reported to increase the fragmentation rates of renal 
stones.*’ 

There is a minimal increase in the procedure time, but it 
favorably decreases the total number of shock waves to frag- 
ment a stone and, in consequence is associated with fewer 
complications and lower re-treatment rates.***° 

The exact mechanism responsible for a rate effect on the 
efficiency of SWL is still controversial: It may be related to 
decreased acoustic impedance mismatch, improved cavita- 
tion bubble production on the stone surface, or improved 
bubble dynamics due to water gas content surrounding the 
stone.” 

Cavitation bubbles on the surface of the stone implode 
against the stone surface, and develop high-speed jets that 
erode the stone surface.”' Firing a lithotripter at a high rate 
may cause the second shock to strike the bubbles formed 
from the first shock before they collapse, thus combining 
with each other to form a bubble cloud, which results in 
absorption or dissipation of energy from the second shock 
wave.” 


39.9.2 Adjuvant Drug Therapy 


Several studies have demonstrated the usefulness of pharma- 
cological therapy in promoting spontaneous ureteral stone 
passage, thus reducing the time and pain associated with 
stone expulsion. Medical therapy helps by reducing spasm, 
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edema, and infection.” Drugs used are calcium channel 
blockers, corticosteroids, nonsteroidal anti-inflammatory 
drugs (NSAIDs), and alpha-blockers. 

Medical therapy following SWL to facilitate ureteral stone 
expulsion results in increased 1- and 2-month stone-free rates 
and in a lower percentage of those needing re-treatment. 
The efficacy of nifedipine for the upper-mid ureteral tract 
associated with ketoprofene makes expulsive medical therapy 
suitable for improving overall outcomes of SWL treatment 
for ureteral stones.” 

In particular, alpha-adrenergic receptors have been detected 
in the human ureter with a predominance of alpha | D recep- 
tor subtypes in the lower ureter.” Alpha 1 adrenergic inhibi- 
tors reduce the frequency and intensity of peristalsis of the 
ureter, with an increase in the flow of urine.” They also reduce 
spasm by relaxing the smooth muscle of the ureter, and act on 
the C fibers blocking pain conduction.” °S 

In cases with residual fragments after SWL, re-growth 
and persistence are common. Citrate therapy significantly 
improves the stone clearance rate in sterile and infection 
stone patients, and prevents residual fragment growth or re- 
aggregation in subjects in whom complete clearance was not 
achieved.” 


39.9.3 Percussion, Diuresis, and Inversion 
(PDI) Therapy 


Lower pole stones treated with SWL are less likely to clear 
than stones in other regions of the collecting system.” A com- 
bination of percussion (manual or mechanical), inversion 
(45-70°), and diuresis (500 ml water or 20 mg furosemide 
with or without 1-2 1 of IV fluid) has been used to improve 
stone clearance after SWL for lower pole stones. 10°10 


39.10 Success Rates of SWL 


Factors that significantly affect the success rate include the 
following: 


39.10.1 Stone Size (Largest Diameter) 


Stone size is a significant predictor of SWL outcome.!°'% 


The success rate for stones <10 mm in diameter is about 
90%. For 10-20 mm stones, the overall rate was 66%, while 
the rate for stones >20 mm was further reduced to 47%. 
Therefore, SWL is not recommend as primary therapy for 
stones >20 mm in diameter.'” 


39.10.2 Stone Site 


The stone-free rate is significantly higher for pelvic and upper 
calyceal stones compared to lower calyceal ones. For upper and 
middle calyceal stones, stone-free rates are between 70-90%, 
compared to 50-70% for lower calyceal stones. '0°!01!? 


39.10.3 Stone Number 


Stone number is a significant predictor for success of SWL.'” 
In patients with a small-to-medium stone burden, the number 
of stones is more important than the total stone burden.'® 

The success rate for single stones is 78.3% as compared 
to 62.8% for multiple ones.'” 


39.10.4 Obstruction 


Kidneys obstructed prior to SWL treatment have a signifi- 
cantly lower stone-free rate compared with non-obstructed 
kidneys. This may be due to a weak peristalsis leading to 
poor clearance of the fragments.*°''!° 

The success rate for patients with unobstructed renal units 
is 83% and 76% for obstructed units." 


39.10.5 Congenital Anomalies 


The treatment of lithiasis in this entity is controversial due to 
problems derived from the anatomy of the kidney and its 
drainage when stones are treated with SWL.'"* 

SWL is safe and reliable for treatment of urolithiasis in 
anomalous kidneys. It should be the primary therapy when 
the stones are <20 mm. The SWL outcome is comparable for 
normal and anomalous kidneys when the calculus size is 
considered. Neither the type of renal anomaly nor the type of 
lithotripter had any impact on the stone-free rate. The overall 
stone-free rate in malformed kidneys was 72.2%.''° 

Notably in this group, patients with ureteral duplication 
had the overall best stone-free rates.''° 


39.11 Special Considerations in SWL 


39.11.1 SWL for Uric Acid Stones 


Uric acid stones were once regarded as a relative contra- 
indication for SWL with the Dornier HM3 lithotripter 
because of the difficulty in localizing the radiolucent stones 
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with fluoroscopy.'!”''’ However, with the help of intravenous 
contrast administration, SWL can be the first-line therapy 
for radiolucent stones'*'! in particular for fragments 
entering the ureter. In this case, shock waves should focus 
5 mm beyond the end of the column of contrast medium, 
except where a stone becomes clearly visible within the 
column. '*'! 

Today, the second generation of lithotripters is equipped 
with ultrasound guidance, which allows for more accurate 
and less invasive localization of radiolucent stones.’ 
Sonographic localization of a kidney stone requires a highly 
trained operator. Also, it is almost impossible to view stones 
in areas such as the middle third of the ureter or when there 
is an indwelling ureteral catheter. Once a stone is fragmented, 
it is difficult to identify each individual stone piece. 
Unfortunately, these disadvantages tend to overshadow the 
advantages of ultrasound imaging.* 

Treatment of uric acid stones with ultrasound-guided lith- 
otripters is effective with concurrent application of alkali 
therapy. Most patients can be stone-free with a minimal risk 
of complications." 


39.11.2 SWL in Children 


SWL is currently the first-line treatment for urinary lithiasis 
in the pediatric age group. The overall stone-free rates are 
excellent even with SWL monotherapy because children are 
able to clear stone fragments better than adults'*° due to a 
shorter and more elastic ureter.'*' Re-treatments with SWL 
can boost the stone-free rate to up to 100%.'” 

The new generation of lithotripters allows treatments 
without general anesthesia also in children. These machines 
have ultrasound real-time tracking systems, which reduce 
the irradiation needed.!”* 

There is a 10-20% loss of shock-wave energy per 6 cm of 
the body tissue penetrated. Given the smaller body volume 
of children, shock waves are transmitted with little loss of 
energy.'* As a result, a lower kilo-voltage can be used result- 
ing in less pain and complications.'* 


39.11.3 SWL in Pregnancy 


Although there have been reports of the inadvertent treat- 
ment of pregnant patients with SWL with no adverse seque- 
lae tothe fetus, pregnancy remains an absolute contraindication 
for this treatment modality'”*'*° because of the potential dis- 
ruptive effects of the shock-wave energy on the fetus as 
proven in numerous experimental studies.” 


39.11.4 Pacemakers and Implantable 
Cardioverters/Defibrillators (ICD) 


The following protocol has been developed and recommended 
for patients with pacemakers and implantable cardioverters/ 
defibrillators ICDs):'77 


e Patients should be monitored via telemetry. 

e Equipment for pacemaker/defibrillator interrogation and 
programming must be readily available, with a resuscita- 
tion cart in the lithotripsy suite; a programmer plus a trained 
physician/nurse must be on site. 

e SWL should be immediately terminated when significant 
arrhythmia develops, and the consulting cardiologist and/ 
or pacemaker/ICD clinic should be notified. 

e A decrease in the heart rate consistent with failure of pac- 
ing output or an unexplained tachycardia consistent with 
rate-response activation mandates device interrogation 
and reprogramming. 

e SWL may be continued if premature atrial beats, prema- 
ture ventricular beats, or controlled atrial fibrillation are 
the only observed arrhythmia. 

e Should pacemaker output be suppressed, the device should 
be reprogrammed to nonsensing, fixed output mode for the 
duration of the procedure. 

e A magnet may be considered to deactivate tachycardia 
therapies, especially where the distance between the ICD 
and F2 is <15 cm. 

e Should any concern regarding device function arise, interro- 
gation should be performed before discharge to ensure that 
there has been no change in programming or battery voltage. 


39.12 Conclusions 


Renal stone disease is a significant and worldwide health 
problem, and extracorporeal shock-wave lithotripsy (SWL) 
has revolutionized the treatment for most patients with uro- 
lithiasis since its introduction in the early 1980s. Today, 
about 80% of all urinary stones and the majority of kidney 
stones can be successfully treated with SWL in a minimally 
invasive fashion and most renal stones in adults can be treated 
in a day case setting. 
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Extracorporeal Shock Wave Lithotripsy 
for Ureteral Stones 


Jay D. Raman and Margaret S. Pearle 


Abstract Shock wave lithotripsy has been utilized for the management of ureteral calculi 
since its introduction in the 1980s, although historically its use was limited to the treatment 
of proximal ureteral calculi. Currently, stones in all locations of the ureters can be treated 
successfully with SWL, albeit occasionally with the need for special positioning or use of 
ureteral catheters or intravenous contrast to facilitate localization. The feasibility and success 
of SWL for ureteral calculi are influenced by stone size, location, and composition, as well as 
on patient anatomy and comorbidities. Recent investigations have demonstrated that treatment 
parameters can be optimized and a variety of adjuvant measures can be utilized to enhance 
success rates and increase the safety of the procedure. Current guidelines endorse the use of 
SWL for the management of most patients with small-to-moderate-sized ureteral calculi. 


40.1 Introduction 


Since the initial report by Chaussy and colleagues almost 30 
years ago, shock wave lithotripsy (SWL) has revolutionized 
the management of urolithiasis.' Presently, it remains the 
sole noninvasive surgical treatment modality for urinary tract 
calculi. The minimally invasive nature, relative lack of seri- 
ous adverse sequelae, and, in some cases, avoidance of gen- 
eral anesthesia make SWL an attractive option for many 
patients. However, success with SWL is not universal, and 
stone fragmentation and passage depend on a variety of fac- 
tors including patient characteristics, stone composition and 
location, renal anatomy, and choice of lithotriptor. 

Since the introduction of SWL, proximal ureteral calculi 
have generally been considered amenable to successful 
SWL treatment. However, middle and lower ureteral calculi 
were initially excluded from SWL therapy owing to chal- 
lenging patient positioning and difficult stone localization 
with first-generation lithotripters. With the introduction of 
newer generations of lithotripters with alternate shock wave 
(SW) sources, multifunctional tables, and improved imag- 
ing systems, indications expanded to include ureteral calculi 


J.D. Raman (È<) 
Department of Surgery, Penn State Milton S. Hershey Medical Center, 
Hershey, PA, USA 

e-mail: jraman @hmc.psu.edu 


P.N. Rao et al. (eds.), Urinary Tract Stone Disease, 


in all locations. However, what is possible is not always 
appropriate. As such, it is advisable to carefully review clin- 
ical indications, outcomes, and complications when consid- 
ering SWL for the management of ureteral calculi. This 
chapter highlights clinical considerations and new concepts 
with regard to SWL treatment of ureteral calculi. 


40.2 Indications and Contraindications 


40.2.1 Indications 


The indications for surgical management of ureteral calculi 
include refractory pain, high grade or prolonged obstruction, 
concomitant infection, and failure or low likelihood of spon- 
taneous stone passage.’ In the setting of an obstructing stone 
with clinical signs of infection, definitive surgical manage- 
ment is deferred in lieu of adequate drainage of the obstructed, 
infected kidney. In this setting, either nephrostomy drainage 
or ureteral stent placement is acceptable drainage modality 
and should be instituted promptly.’ 

Although most ureteral stones will pass spontaneously, 
many do so with significant pain, morbidity, and potential 
loss of work. The introduction of medical expulsive therapy 
has resulted in an increased likelihood of spontaneous 
stone passage and reduced pain associated with passage. In a 
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meta-analysis of nine randomized clinical trials (RCTs), 
Hollingsworth and associates found a risk ratio of 1.65 (95% 
CI 1.45-1.88, p<0.0001) in favor of medical expulsive ther- 
apy.’ Both alpha adrenergic receptor antagonists and calcium 
channel blockers showed efficacy in improving spontaneous 
passage rates, and some trials have additionally demonstrated 
reduced need for analgesics. Consequently, medical expul- 
sive agents have changed the natural history of ureteral stones 
by increasing spontaneous passage rates and reducing the 
need for surgical intervention. 

For patients with stones that fail or are unlikely to pass, or 
those with high grade or prolonged obstruction, the primary 
surgical modalities are shock wave lithotripsy (SWL) and 
ureteroscopy (URS). Additional, less commonly utilized 
treatment modalities include percutaneous antegrade uret- 
eroscopy and ureterolithotomy (either open or laparoscopic), 
which are primarily used for large proximal or mid ureteral 
calculi or for SWL or URS failures, respectively. 


40.2.2 Contraindications 


Historically, contraindications to SWL have included preg- 
nancy, middle or distal ureteral calculi in young girls or women 
of childbearing age, infected urine, irreversible coagulopathy 
or bleeding diathesis, implanted cardiac devices, and calcified 
vascular aneurysms (Table 40.1). Of these, pregnancy remains 
an absolute contraindication to SWL due to a theoretical risk to 
the fetus from shock waves’; although an anecdotal report of 
six women who were retrospectively found to be 14 weeks 
pregnant at the time of SWL found that all women bore healthy 
children without chromosomal abnormalities. There is, how- 
ever, continued debate regarding the potential deleterious effect 
of SWL on ovarian tissues when treating middle and distal ure- 
teral calculi. In 1988, McCullough and colleagues exposed rat 
ovaries directly to shock waves and found no associated histo- 
logic changes.’ Furthermore, in a retrospective study of human 
patients, Vieweg and colleagues reported no increased inci- 
dence of miscarriage or infertility in 84 women of childbearing 
age, among whom 6 women collectively gave birth to 7 healthy 


Table 40.1 Contraindications for shock wave lithotripsy (SWL) of 
ureteral calculi 


Absolute contraindications 
Pregnancy 
Uncorrectable coagulopathy 
Active infection 

Relative contraindications 
Women of childbearing age 
Implantable cardiac devices 
Calcified vascular aneurysms 


Reversible bleeding diathesis 


babies. Although the experimental and limited clinical data 
suggests that the ovary is resistant to the effects of shock waves, 
absolute safety for SWL of middle/distal calculi cannot be 
assured. 

Calcified vascular aneurysms, implantable cardiac devices, 
and bleeding diathesis have been historically believed to be con- 
traindications to SWL. However, increasing evidence suggests 
that SWL can be safely performed in many of these clinical sce- 
narios, particularly in patients with ureteral calculi.” Both Abber 
and colleagues and Vasavada and co-workers demonstrated in 
in vitro models that calcified vascular tissue is relatively resis- 
tant to the effects of shock waves.” Furthermore, clinical expe- 
rience has shown that patients with asymptomatic ipsilateral 
calcified aneurysms with a diameter <2 cm for renal artery 
aneurysms and <5 cm for aortic aneurysms that are located 
>5 cm from the target stone can be safely treated with SWL." 

When treating patients with implantable cardiac devices, 
secondary backup equipment should be made available and the 
device should be tested both before and immediately after the 
procedure. Of note, shock waves can damage the piezoelectric 
crystals of abdominally implanted cardiac devices thus exclud- 
ing patients with these specific devices from SWL therapy.'” 

Finally, SWL is an acceptable treatment modality in 
patients with a reversible coagulopathy due to hemophilia, 
von Willebrand’s disease, or advanced liver disease, pro- 
vided the coagulopathy is corrected both before and for 
24—48 h following therapy." Furthermore, close observation 
is warranted as treatment in these patients poses a higher risk 
of post-procedural bleeding. Patients in whom the coagul- 
opathy cannot or should not be reversed can be managed by 
an alternative treatment modality, such as ureteroscopy.'*° 


40.3 Factors Impacting Outcomes 
of SWL for Ureteral Calculi 


Outcomes of SWL for ureteral calculi depend on a variety of 
intrinsic factors, including stone characteristics (size and 
composition), stone location, and ureteral anatomy, and are 
impacted by type of lithotripter, treatment-related variables 
(shock wave rate and energy), and use of adjuvant medical 
therapy (Table 40.2). 


40.3.1 Intrinsic Factors 


40.3.1.1 Stone Size 


In general, success rates for SWL vary inversely with stone 
size. According to the 2007 Ureteral Stones Clinical 
Guidelines Panel, median stone-free rates for proximal, 
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Table 40.2 Factors impacting outcomes of SWL for ureteral calculi 


Intrinsic factors 
Stone size 
Stone composition 
Stone location 
Presence of impaction or obstruction 
Patient factors 
Body habitus 
Patient positioning 
Stone localization 
Extrinsic factors 
Type of lithotriptor 
Treatment parameters 


Adjuvant medical therapies 


middle, and distal ureteral calculi were higher for <10 mm 
stones than stones >10 mm (90% versus 68%, respectively, 
for proximal stones; 84% versus 76%, respectively, for mid- 
dle ureteral stones; and 86% versus 74%, respectively, for 
distal stones).'°!7 


40.3.1.2 Composition 


Stone composition plays a significant role in determining 
the clinical efficacy of SWL. Effective stone fragmentation 
by shock waves requires transmission through an acoustic 
interface between the stone and a fluid medium. By different 
mechanisms, matrix and cystine calculi provide poor acous- 
tic interfaces. Shock waves are limited in their ability to 
penetrate through the amorphous structure of matrix stones, 
that are comprised of a gelatinous mixture of water, sugars, 
and protein.'® On the other hand, cystine calculi are uniquely 
hard stones owing to the multiple disulfide bonds that collec- 
tively stabilize its crystalline structure. Consequently, cys- 
tine stones generally require more shockwaves with higher 
amplitude for fragmentation, thereby limiting the size of 
cystine stones that can be successfully managed by SWL.” 
However, Bhatta and colleagues recognized two morpho- 
logic subtypes of cystine stones, “rough” and “smooth,” that 
differed in their response to SWL.” Using micro-computed 
tomography (CT) imaging, Kim and associates validated 
these two morphologic subtypes and showed differences in 
the internal structure of “rough” (stones with internal low 
attenuation areas) and “smooth” (stones with a homoge- 
neous CT appearance) subtypes that corresponded in vitro 
to fragmentation efficiency with SWL.”! 

The precise stone composition for most patients under- 
going SWL is not known in advance. In addition, the 
responsiveness of stones to SWL varies considerably even 
among patients with chemically similar calculi.” Attempts 
to predict the composition of stones preoperatively using 


computed tomography attenuation coefficients has met 
with limited success, largely because of overlapping values, 
particularly among calcium-containing stones.” However, 
CT attenuation coefficients may predict the likelihood of 
successful SWL fragmentation, without regard to precise 
stone composition. Sacco and associates retrospectively 
evaluated 112 patients undergoing SWL for ureteral calculi 
and found that SWL success correlated with stone size and 
Hounsfield units (HU).™ In this study, no patients with ure- 
teral calculi >6 mm in size and HU > 1,000 were rendered 
stone free by SWL monotherapy. Likewise, Pareek and col- 
leagues reviewed 50 patients with upper urinary tract cal- 
culi including 30 with ureteral calculi.” Among the patients 
with ureteral calculi, those rendered stone free (70%, 21/30) 
had a mean HU of 505 compared with a mean HU of 889 in 
the nine patients with residual fragments. Collectively, 
these studies suggest that use of attenuation coefficients 
measured on unenhanced CT may predict the treatment 
outcome of SWL, thereby facilitating treatment selection. 


40.3.1.3 Stone Location 


Stone location factors prominently into SWL success rates 
for a variety of reasons. Even well-fragmented proximal ure- 
teral stones have a longer distance to traverse and a greater 
chance of being retained before reaching the bladder than 
more distally located stones. In addition, location in the ure- 
ter impacts stone visibility on fluoroscopy and dictates the 
patient position required to facilitate or enable stone target- 
ing. For example, middle ureteral stones are often obscured 
by the underlying pelvic bone, which additionally attenuates 
shock waves. As such, patients with middle ureteral calculi 
are optimally treated in the prone position in order to provide 
a shorter path to the anteriorly located stone and to avoid 
attenuation of the shock waves by the pelvic bone. As a result 
of these confounding factors, SWL stone-free rates differ 
with stone location in the ureter. According to the Ureteral 
Stones Clinical Guidelines Panel analysis, stones in the 
proximal, middle, and distal ureter were associated with 
stone-free rates of 83%, 73%, and 74%, respectively. 


40.3.1.4 Impacted/Obstructing Ureteral Calculi 


Experimental evidence suggests that shock waves do not 
fragment ureteral calculi as efficiently as renal calculi. 
Several investigators proposed that stone impaction and the 
lack of a sufficient stone-fluid interface account for this 
poorer fragmentation. Indeed, both Muller and colleagues 
and Parr and associates used a model in which stones were 
embedded in rubber tubing to simulate ureteral calculi and 
showed that as the longitudinal tension of the tubing was 
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increased (mimicking increasing stone impaction), stone 
fragmentation decreased.**”’ 

As a result of these findings, many investigators advo- 
cated bypassing ureteral stones with a ureteral stent or push- 
ing the stone back into the kidney prior to SWL. However, 
prospective, randomized clinical trials (RCTs) for SWL of 
proximal ureteral stones have failed to show a statistically 
significant difference in stone-free rates between patients 
treated with in situ SWL versus those treated with stent 
bypass or push-back.***' Furthermore, the 1997 Ureteral 
Stone Clinical Guidelines Panel found no advantage in rou- 
tine placement of a ureteral stent when treating ureteral cal- 
culi with SWL.” Median stone-free rates for patients with 
proximal ureteral calculi (above the iliac vessels) treated 
with push-back, stent bypass, or in situ SWL were 88%, 
82%, and 82%, respectively. For distal ureteral calculi (below 
the iliac vessels), the corresponding stone-free rates were 
79%, 86%, and 82%, respectively. These findings led the 
Panel to conclude as a Guideline that “Routine stenting to 
increase efficiency of fragmentation is not recommended as 
part of shock wave lithotripsy,” and the 2007 Guideline reit- 
erated this recommendation. '®'7 

The use of in situ SWL in the setting of an acutely 
obstructing ureteral calculus has been controversial. Cass 
and colleagues used in situ SWL to treat 13 patients with 
acutely obstructing ureteral calculi, associated hydronephro- 
sis, and absence of contrast distal to the stone on intravenous 
urogram and reported a 92% success rate.” However, 
Srivastava and co-workers concluded that the degree of 
obstruction inversely correlates with the success rate of in 
situ SWL.“ Among 51 patients with proximal ureteral stones 
treated with in situ SWL, those without impaction (minimal 
or no hydronephrosis) had a success rate of 93%, while those 
with impacted stones (moderate or severe hydronephrosis) 
had a success rate of only 35%. Likewise, Tligui and col- 
leagues reported on 200 patients with obstructing ureteral 
stones (mean size 7 mm) and colic either refractory to medi- 
cal therapy or recurring within 24 h, who underwent immedi- 
ate SWL with the EDAP LT-02 lithotriptor.** At 3-month 
follow-up, 82% of patients (164/200) were stone free, includ- 
ing 38% of patients who required 2-3 SWL sessions. The 
authors concluded that immediate SWL for acute renal colic 
secondary to obstructing ureteral calculi yields acceptable 
stone-free rates with low associated morbidity. 

In arecent RCT, Tombal and associates assessed the effi- 
cacy of emergency SWL on the short-term outcome of symp- 
tomatic ureteral stones.” Among 100 patients randomized to 
medical therapy alone or combined with SWL, the authors 
found that at 48 h after treatment, SWL was associated with 
a 13% incremental improvement in stone-free rate over med- 
ical therapy alone, with the greatest improvement occurring 
among patients with large proximal ureteral calculi (40% for 


proximal stones >5 mm versus only 1.8% for distal stones 
<5 mm). Overall, the balance of the evidence suggests that 
SWL for acutely obstructing ureteral calculi is an acceptable 
therapeutic option. 


40.3.2 Patient Factors 


40.3.2.1 Body Habitus 


Body habitus, particularly related to obesity, can impact the 
decision to perform SWL on patients with ureteral calculi. 
Weight limits on the lithotriptor table,’ a skin-to-stone dis- 
tance that exceeds the focal length of the lithotripter*” and 
poor image quality (both fluoroscopy and ultrasound) due to 
excessive body fat, can all contribute to inability to treat, or 
poor outcomes with treatment, the obese patient. Other 
patient factors, such as severe scoliosis or contractures, may 
hinder the ability to properly position the patient or target the 
stone. In these cases, endoscopic stone management may be 
preferable. 


40.3.2.2 Patient Positioning and Stone Localization 


Patient positioning is critical to successful SWL of ureteral 
calculi. Adjacent hollow viscus structures merit consider- 
ation for stones in the proximal ureter, while the overlying 
pelvic bone presents a challenge for calculi in the middle 
and distal ureter. Goktas and co-workers randomized 48 
patients with a single <1 cm proximal ureteral calculus to 
SWL in the supine or prone position.** They found no differ- 
ence in stone-free rates in the two groups, although patients 
in the supine position better tolerated the procedure and 
required a fewer numbers of shocks for successful fragmen- 
tation. Hara and colleagues also compared 248 patients with 
proximal ureteral calculi treated in the supine position with 
156 patients treated in the semilateral/rotated position.” The 
authors theorized that the transverse processes of the verte- 
brae could interfere with shockwave transmission in the 
supine position and that a semilateral approach might allevi- 
ate this problem. Although stone-free rates in the two groups 
were similar (94.8% versus 97.4%, respectively), the num- 
ber of sessions required to render patients stone free who 
were treated in the semilateral position was less than that 
required for patients treated in the supine position (1.49 ver- 
sus 1.74, p=0.023). Similar positioning modifications have 
been proposed for distal ureteral calculi whereby patients 
are placed prone or the horse-riding position in order to 
allow the shock waves to enter the pelvis unimpeded by the 
pelvic bone. 
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Because of underlying bony structures, the administration 
of intravenous contrast, the instillation of contrast via a ure- 
teral catheter, or placement of a ureteral stent may be neces- 
sary to facilitate identification of ureteral calculi (particularly 
in the middle ureter). Most third-generation lithotriptors are 
equipped with high-resolution fluoroscopy systems that per- 
mit reliable identification and in situ treatment of ureteral 
calculi, a significant improvement over the ultrasound-based 
second-generation lithotriptors. 


40.3.3 Extrinsic Factors 


40.3.3.1 Type of Lithotriptor 


The original Dornier HM3 lithotriptor (Dornier Medical 
Systems, Marietta, GA) introduced in the 1980s used spark 
gap technology, a water bath coupler, fluoroscopic imaging, 
and general anesthesia. Subsequent generations of lithotrip- 
tors varied the shock wave generator (electromagnetic, 
piezoelectric), eliminated the water bath (water pool or cush- 
ion), added ultrasound imaging, provided a multifunctional 
table, and reduced anesthesia requirements. Furthermore, the 
shock wave aperture was broadened to reduce shock wave 
energy density at the skin, thereby decreasing treatment- 
associated pain and eliminating the need for general anes- 
thesia. Nonetheless, increasing evidence suggests that 
stone-free rates are equivalent or have declined with newer 
generation lithotriptors. Few randomized trials have directly 
compared outcomes with different lithotriptors. Gerber and 
colleagues reported a prospective, randomized trial compar- 
ing patients with renal stones treated with SWL on the 
Dornier HM3 with those treated on the Siemens Lithostar 
Plus and additionally compared those patients to a matched 
consecutively treated series of 107 patients treated with the 
Modulith SLX. On postoperative day 1, stone-free rates 
were superior in the HM3 group (91%) compared with the 
Lithostar Plus (65%) and SLX (48%) groups, and accord- 
ingly retreatment rates were progressively higher in the 
three groups (4%, 13%, and 38%, respectively). Similarly, 
Chan and associates prospectively randomized 198 patients 
with solitary renal (n=132) or ureteral calculi (n=66) to 
lithotripsy with the Dornier HM3 versus the MFL 5000 lith- 
otriptor. At 12 weeks follow-up, there was no statistically or 
clinically significant difference in stone-free rates between 
the two lithotriptors for calculi in the kidney or ureter.” 

In select patients with small distal ureteral calculi, good 
results have been reported with the use of office-based electro- 
magnetic or piezoelectric SWL using ultrasound imaging and 
sedation. Jermini and colleagues reported that of 165 carefully 
selected patients with small distal ureteral calculi (of whom 97% 


had stones <10 mm and none with stones >15 mm), 99% were 
stone free at 3 months and only 7% required retreatment.” 


40.3.3.2 Treatment Parameters 


Early lithotriptors were typically gated to the QRS complex 
of the electrocardiogram resulting in shock wave (SW) rates 
that rarely exceeded 60-80 SW per minute. Second- and 
third-generation lithotriptors were associated with a low 
risk of cardiac arrhythmias and thereby allowed nongated 
SWL and shorter treatment times. Both in vitro and animal 
studies, however, have suggested that slower SW rate during 
SWL is associated with superior calculus fragmentation. 
The proposed mechanisms for these observations include 
decreased acoustic impedance mismatch and improved cav- 
itation bubble production on the stone surface. 

In the first clinical trial assessing outcomes according 
to SW rate, Pace and colleagues randomized 149 patients 
with >5 mm renal calculi to slow (60 SW/min) or fast (120 
SW/min) SW rate and found that slow rate yielded better 
3-month stone-free rates than fast rate (60% versus 44%, 
p=0.064), a difference that was further magnified for large 
(2100? mm) renal calculi (60% versus 28%, p=0.015).*° To 
date, four published RCTs, comprising nearly 600 patients, 
have compared SWL outcomes with slow and fast SW rate. 
Semins and associates performed a meta-analysis of these 4 
RCTs and found that patients treated at slow SW rate (60 
SW/min) had a 10% higher likelihood of becoming stone 
free than patients treated at fast SW rate (120 SW/min) 
(p=0.0002).*” 

The only trial specifically addressing SW rate for the 
treatment of ureteral stones was reported by Pace and col- 
leagues who randomized 157 patients with >5 mm proximal 
ureteral calculi to SWL at a rate of 60 SW/min or 120 SW/ 
min.** The slower SW rate group had a higher stone-free rate 
(68% versus 51%, respectively, p=0.03), lower rate of auxil- 
iary procedures (31% versus 47%, respectively, p=0.03), 
and required fewer cumulative shock waves (2,667 versus 
2,938, respectively, p<0.001) than the fast SW group, 
although at a cost of longer operative duration (44 versus 
24.5 min, respectively, p<0.001). 


40.3.3.3 Adjuvant Medical Therapies 


A variety of drugs have been tested for their effectiveness 
in promoting spontaneous stone passage. Among these, 
alpha (a) adrenergic antagonists and calcium channel 
blockers, with or without corticosteroids, have proven their 
benefit as medical expulsive agents that not only promote 
spontaneous stone passage but also reduce the time 
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interval and associated pain of stone expulsion.’ Based on 
the success of these agents in facilitating spontaneous 
stone passage, several investigators have explored their 
effectiveness in improving clearance rates after SWL of 
ureteral calculi. 

Kupeli and co-workers reviewed 78 patients with distal 
ureteral stones, 30 of whom had stones <5 mm not requir- 
ing SWL and 48 who underwent SWL for calculi >5 mm 
(range 6-15 mm).* Half the patients in each group received 
analgesic alone, while the other half received tamsulosin 
0.4 mg daily along with analgesic. At 15 days following 
treatment, patients who received tamsulosin after SWL had 
the highest stone-free rate (71%) of the four groups, par- 
ticularly compared with the group undergoing SWL alone 
in whom the stone-free rate was only 33.3%. Gravas and 
colleagues performed a similar study whereby 61 patients 
with >6 mm distal ureteral calculi (mean 8.4 mm) treated 
with SWL were randomized to tamsulosin 0.4 mg or pla- 
cebo for 1 month.°° Unlike the previous study, these inves- 
tigators failed to demonstrate a difference in stone-free 
rates or expulsion time between the two groups, although 
patients administered with tamsulosin did have a signifi- 
cantly reduced analgesic requirement. Finally, in an RCT 
involving 60 patients with a solitary renal or ureteral calcu- 
lus undergoing SWL, Bhagat and colleagues treated patients 
with either 0.4 mg of tamsulosin or placebo until stone 
clearance or for a maximum of 30 days.*! Compared to the 
placebo arm, the tamsulosin group showed a significantly 
higher clearance rate (97% versus 79%, p=0.04). In addi- 
tion, the average dose of analgesic used and rates of stein- 
strasse were also lower (albeit insignificantly) in the 
tamsulosin group. 

Porpiglia and co-workers evaluated the effectiveness of 
nifedipine and corticosteroids versus no drug treatment in 
facilitating clearance of fragments after SWL on a Sonolith 
4,000+ (EDAP, Technomed Medical Systems) in an RCT 
involving 80 patients with ureteral calculi.” The treatment 
arm demonstrated a higher stone-free rate (75% versus 50%, 
p=0.02) and had lower pain medication requirements (37.5 mg 
versus 86.25 mg of diclofenac, respectively, p=0.02) than the 
no-treatment control group. 

Micali and colleagues also prospectively evaluated 
113 patients with ureteral calculi undergoing SWL using a 
Dornier Lithotriptor S, in whom a subgroup comprised of 
those with upper or middle ureteral calculi was treated with 
nifedipine (30 mg/day for 14 days) and those with distal 
ureteral calculi was treated with tamsulosin (0.4 mg/day for 
14 days).** The treatment groups were compared to a con- 
trol group of 50 patients who received no adjuvant medical 
therapy. Stone-free rates were comparable between the two 
adjuvant therapy groups (86% for the nifedipine group and 
82% for the tamsulosin group) and were significantly higher 
than the two control groups (upper and distal ureteral 


calculi) for which stone-free rates were 52% and 57%, 
respectively. 

Overall, these studies provide compelling evidence to 
recommend the use of medical expulsive agents to improve 
clearance of fragments after SWL treatment of ureteral 
calculi. 


40.4 Clinical Efficacy 


Despite extensive published series on SWL for patients with 
ureteral calculi, comparison between studies is problematic 
owing to nonuniform and/or poorly defined patient popula- 
tions, different lithotriptors and treatment parameters, vari- 
ability in reporting (i.e., stone-free versus “success” rates, 
single treatment versus retreatment rates, nonuniform defini- 
tion of auxiliary procedure rates), and inconsistent use of 
adjuvant therapies. To date, the most comprehensive analysis 
of treatment outcomes for ureteral calculi was performed by 
the 2007 European Association of Urology (EAU)/Americal 
Urological Association (AUA) Ureteral Stones Clinical 
Guidelines Panel (Table 40.3).'°'’7 These guidelines were 
derived from analysis of 348 published articles between 1996 
and 2006 (the endpoint of the previous Guidelines report), of 
which 244 were ultimately found to have extractable data 
suitable for inclusion in the meta-analysis. The goal of this 
analysis was to compare treatment options for ureteral cal- 
culi, including medical expulsive therapy, SWL, URS, percu- 
taneous nephrolithotomy (PCNL), and open and laparoscopic 
ureterolithotomy. Although randomized trials were distinctly 
uncommon in this analysis, the large numbers of patients 
treated in these retrospective and prospective series provide 
the best evaluable outcome data for these treatment 
modalities. 

Outcome variables that were reviewed in these guidelines 
included stone-free rate, number of procedures required, 
spontaneous stone passage rate, and acute and long-term 
complications. Furthermore, outcomes were stratified by 
stone location — proximal (between the ureteropelvic junction 
and upper border of the pelvic bone), middle (overlying the 
pelvic bone), and distal (between the lower border of the pel- 
vic bone and the ureteral orifice) ureter — and by stone size 


Table 40.3 Stone-free rates for SWL of proximal, middle, and distal 
ureteral calculi according to the AUA/EAU Ureteral Stones Clinical 
Guidelines Panel'®!” 


Stone location Stone size 


<10 mm >10 mm 


overall 


Proximal 82% 90% 68% 
Middle 73% 84% 16% 
Distal 74% 86% 74% 
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(<10 mmor >10 mm). We review the findings of the Guidelines 
Panel regarding SWL treatment of ureteral calculi. 


40.4.1 Stone-Free Rates 


Overall, median stone-free rates for proximal, middle, and 
distal ureteral calculi were 82%, 73%, and 74%, respectively. 
When stratified by stone size (<10 mm and >10 mm), stone- 
free rates in the proximal, middle, and distal ureter were (90% 
versus 68%, 84% versus 76%, and 86% versus 74%, respec- 
tively). Such observations are consistent with an inverse rela- 
tionship between stone-free rates and stone size. Additional 
procedures, including retreatments, secondary alternative 
procedures to remove stones and auxiliary, non-stone removal 
procedures, were relatively infrequently necessary: 0.62 pro- 
cedures per patient for proximal ureteral stones, 0.52 for mid- 
dle ureteral stones, and 0.37 for distal ureteral stones. 

Interestingly, despite an evolution in lithotriptor technol- 
ogy, stone-free rates for ureteral stones have failed to improve 
substantially over time. Although in the 1997 Guidelines, 
ureteral stones were stratified into proximal and distal ure- 
teral calculi only (stones above or below the iliac vessels, 
respectively) while the 2007 Guidelines stratified stones into 
proximal, middle, and distal ureteral calculi, there was no 
improvement in stone-free rates in the proximal ureter (83% 
in 1997 versus 82% in 2007) and stone-free rates for distal 
ureteral stones actually declined significantly. These findings 
are all the more significant since by the current definition of 
distal ureteral calculi, no middle ureteral stones, with their 
lower stone-free rates, would be included in the outcomes for 
distal ureteral stones. 


40.5 Complications and Side Effects 


In contrast to SWL for renal calculi, no parenchymal organs 
lie in the shock wave path for ureteral calculi. Consequently, 
many of the reported bleeding complications related to SWL 
of renal calculi are avoided when treating ureteral stones. 
The overall complication rate for SWL of ureteral calculi is 
approximately 7%, with most complications relating to 
infection or obstruction.'*'’*4 Ureteral injury is decidedly 
uncommon and thought to be related to stone manipulation 
or stent placement, occurring in 2%, 1%, and 1%, respec- 
tively, for proximal, middle, and distal ureteral stones. 
Accordingly, stricture rates are also low (<2%). Infectious 
complications (sepsis or urinary tract infection) occur with 
an incidence of 7%, 11%, and 7%, respectively for proximal, 
middle, and distal ureteral stones. Finally, rates of stein- 
strasse formation are 5%, 8%, and 4%, respectively. 


40.6 Additional Considerations 


40.6.1 Quality of Life 


When evaluating the efficacy of therapies for stone man- 
agement, the interval to stone-free status is an important 
variable for consideration. In a randomized trial compar- 
ing SWL and URS for the management of distal ureteral 
calculi, Peschel and colleagues reported that the time inter- 
val to become stone free after SWL was 10 days compared 
with 1.8 days for URS.” When questioned about satisfac- 
tion with their treatment modality and if they would 
undergo the same procedure again, patients responded 
according to the degree and timing of the success of treat- 
ment; 85% of SWL patients, including all but one of the 
patients rendered stone free, would repeat the procedure 
again. The remaining patient, who was successfully treated 
but required 6 weeks to clear the fragments, would not 
choose to repeat SWL. These findings underscore the 
importance of an early stone-free state since even patients 
who were free of symptoms said that the awareness and 
concern for residual stone fragments and fear of colic were 
an ever-present source of discomfort that restricted their 
ability to perform daily activities. In another RCT of 
patients with <15 mm distal ureteral calculi randomized to 
SWL or URS, 94% of SWL and 87% of URS patients were 
satisfied with their procedure, although 100% of patients 
in both groups were rendered stone free.** 

Ultimately, treatment decisions must take into account 
not only procedure efficacy but also level of invasiveness 
and spectrum of complications.™ The latter variables can be 
more difficult to define. Acceptable complication profiles 
and procedure tolerability may vary dramatically between 
patients and warrant discussion prior to any planned 
therapy. 


40.6.2 Cost 


Along with therapeutic efficacy and quality-of-life consid- 
erations, cost is another factor that can play into treatment 
algorithms. Lotan and colleagues used a decision analysis 
model to compare the cost of different treatment strategies 
for patients with ureteral calculi.” Using cost data derived 
from their own institution and outcome data derived from 
the literature, they determined that URS was less costly than 
SWL for stones in all locations in the ureter. A theoretical 
cost difference between URS and SWL of approximately 
$1,440, $1,670, and $1,750 was noted for proximal, middle, 
and distal ureteral calculi, respectively. Indeed, the cost of 
SWL would have to decrease by more than $1,489 overall to 
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achieve cost equivalence with URS. Parker and associates 
also reviewed data from 220 patients with proximal ureteral 
calculi and compared success rates, cost effectiveness, and 
efficiency of URS versus SWL. These authors found that 
URS was associated with a significantly lower charge for 
the initial procedure ($7,575 versus $9,507, p<0.0001) as 
well as cumulative charge for all procedures ($9,378 versus 
$15,583, p<0.0001) compared with SWL." However, 
charge data, rather than the cost data, should be viewed 
cautiously. 

The cost differential between the two treatment modali- 
ties varies from one institution to the other depending on 
the cost of each treatment modality and the institutional 
success rates. Indeed, in countries other than the USA, 
SWL is a less costly treatment modality than URS. As such, 
Bierkins and colleagues from the Netherlands noted that 
for middle and distal ureteral calculi, SWL, despite a lower 
stone-free rate, was associated with lower overall costs than 
URS.” 


40.6.3 Retreatment by SWL 


In the event of SWL failure, options include SWL retreat- 
ment or an alternate treatment modality—usually URS. 
Pace and colleagues reported low success rates for repeat 
SWL of ureteral calculi following an initial failed treat- 
ment.® Among 1,588 patients with 1,593 calculi who 
underwent SWL with the Dornier MFL 5000 lithotriptor, 
the initial stone-free rate was 68%. After second and third 
treatments, the stone-free rates decreased to 46% and 31%, 
respectively. Accordingly, the overall success rate increased 
to 76% after two and 77% after three treatments. As such, 
the utility of repeat SWL after initial failure must be 
questioned. 


40.7 Conclusions 


With the increasing use of URS, the role of SWL for the 
management of ureteral calculi continues to evolve. 
Current evidence suggests that shock wave lithotripsy 
constitutes reasonable first-line therapy for non—cystine 
ureteral stones <10 mm in diameter that have a CT attenu- 
ation coefficient of <1,000 Hounsfield units. Furthermore, 
SWL is feasible in the setting of acute obstruction, and 
routine ureteral stenting is unnecessary in most cases. 
Adjuvant pharmacotherapy, including the use of alpha 
receptor antagonists or calcium channel blockers, appears 
to facilitate passage of stone fragments following SWL. 
Repeat SWL after initial treatment failure is largely unsuc- 
cessful and alternate endoscopic therapy (URS) should be 
considered. 
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Part VIII 


Surgical Management Il: Endoscopy 


Percutaneous Nephrolithotomy 


Mahesh Desai and Stephanie J. Symons 


Abstract Percutaneous nephrolithotomy (PCNL) is now the established approach to a large 
stone burden in both adult and pediatric patients, allowing stone removal with less morbid- 
ity, cost, and a shorter hospital stay when compared with open procedures. As PCNL has 
developed, the technique has been adapted and successfully applied to the complex situations 
of obesity, bilateral stones, and ectopic kidneys. In all situations the planning and success- 
ful execution of the initial access into the kidney relies on a detailed understanding of renal 
anatomy and is critical to the outcome of PCNL. A successful puncture both decreases PCNL 
complications and increases stone clearance rates. Complete stone clearance should be the 
aim of each PCNL procedure. This chapter highlights tips and tricks that can be used to 
improve stone clearance rates and enhance outcomes in patients undergoing this challenging 


procedure. 


41.1 Introduction 


Percutaneous access to the kidney was described over 60 
years ago, but it was not until 1976 that Fernström and Johan- 
sson first reported the use of a percutaneous tract specifically 
for stone removal.’ Since then, the technique of percutaneous 
nephrolithotomy (PCNL) has continued to evolve world- 
wide, and it is now the established approach to a large stone 
burden in both adult and pediatric patients.’ The percutane- 
ous approach allows stone removal with less morbidity, 
lower cost, and a shorter hospital stay in comparison with 
open procedures. In addition, advances in instrumentation 
and technique have gradually decreased the complications of 
the percutaneous approach. For these reasons, PCNL has 
now replaced open surgery for the removal of large or com- 
plex renal calculi at most institutions. 


M. Desai (D4!) 
Department of Urology, Muljibhai Patel Urological Hospital, Nadiad, 
Gujarat, India 

e-mail: mrdesai@ mpuh.org 


P.N. Rao et al. (eds.), Urinary Tract Stone Disease, 


41.2 Anatomical Considerations 


The planning and successful execution of the initial access 
into the kidney is critical to the outcome of PCNL.* The abil- 
ity to gain access to the desired renal calyx, with a minimum 
of complications, requires a thorough understanding of renal 
anatomy and the surrounding structures. 

The kidneys lie in the retroperitoneum between the spinal 
levels T12 and L2/3 (Fig. 41.1). The right kidney is usually 
2-3 cm lower than the left. Although a significant portion of 
each kidney is actually supracostal, the lower pole is almost 
always subcostal.* Each kidney lies obliquely, with its long 
axis parallel with the lateral border of the psoas, making the 
upper pole calyces more medial and posterior than the infe- 
rior pole. In the transverse plane, the kidneys are angled 30° 
posteriorly. In addition to this, each kidney moves in a cran- 
iocaudal direction with respiration; this movement is some- 
times quite extensive and may be increased (but also 
controlled) under general anesthesia. 

Renal calyceal anatomy has been accurately described by 
Sampaio after analyzing 140 three-dimensional resin endo- 
casts of the pelvicalyceal system. Calyceal anatomy is 
highly variable but understanding three important facets of 
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Fig. 41.1 Renal anatomy: CT urogram reconstruction image, demon- 
strating renal positioning with a left duplex system 


03/01/2007 
10:18:44 


Fig. 41.2 Renal anatomy: 10 min post-contrast intravenous urogram 
film, demonstrating the middle calyceal groups draining into the lower 
calyceal groups bilaterally 


their layout remain crucial to preoperative localization of 
any renal stone. First, there are three major calyceal groups: 
upper, middle, and lower, which then subdivide into minor 
calyces. Second, the upper and lower major calyces are gen- 
erally compound, whilst the middle calyces are arranged in 
anterior and posterior sets. Finally, the major calyceal groups 
can drain into the renal pelvis in one of two ways. In the 
majority (62%), only the upper and lower major calyceal 
groups drain directly into the renal pelvis, with the middle 
calyceal group as an offshoot of either the upper or lower 
group (Fig. 41.2). In the remainder of kidneys (38%) the 
upper, middle, and lower major calyces each independently 
enter the renal pelvis. 

Each main renal artery typically gives rise to an anterior 
and posterior division (Fig. 41.3). The anterior division 


Fig. 41.3 Renal anatomy: CT angiogram of the renal vasculature; the 
anterior and posterior divisions of the renal artery are clearly seen 
bilaterally 


further subdivides into four segmental branches, supplying 
the superior and inferior poles as well as the anterior upper 
and middle portions of the kidney. The posterior division 
supplies the remaining posterior area of the kidney. In more 
than 50% of kidneys, the posterior segmental artery is 
located in the middle or upper half of the posterior renal 
surface, and it may be damaged with an excessively medial 
needle puncture of an upper calyx. Segmental arteries fur- 
ther subdivide into lobar, interlobar, arcuate, and finally 
interlobular arteries. Brödels line is an avascular plane run- 
ning between the anterior and posterior blood supplies pos- 
terolaterally. A peripheral end-on puncture into a posterior 
calyx therefore minimizes the risk of bleeding during 
PCNL, simply because it minimizes the risk of vascular 
injury. 

Structures surrounding the kidney must also be taken into 
consideration when planning PCNL access. On the right, the 
kidney is close to the adrenal, liver, ascending colon, and 
duodenum. On the left, the adrenal, spleen, descending 
colon, stomach, and pancreas must be considered. Both 
kidneys lie close beneath the diaphragm, and transgression 
of the pleural space is one of the greatest risks with a supra- 
costal puncture. The pleura are attached to the medial half of 
the 12th rib and to the medial three-quarters of the 11th rib. 
Thus, a peripherally placed puncture that avoids going above 
the 11th rib will minimize the risks of pleural injury. 

So, by taking these anatomical considerations into 
account, the urologist can minimize the risks of puncture for 
PCNL by choosing a path that will grant direct access to the 
stone with a straight instrument, whilst remaining posterolat- 
eral and if possible below the 12th rib. 
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41.3 Preoperative Assessment 


41.3.1 Imaging 


Radiological imaging is an essential part of PCNL tract plan- 
ning. Intravenous urography (IVU) has historically been the 
mainstay of preoperative imaging for PCNL. However, the 
widespread and increasing presence of multiphase computed 
tomography (CT) scanners has now seen the demise of the 
TVU in many centers. A good IVU provides accurate informa- 
tion regarding the relationship of the kidney to the 12th rib 
and, with a thorough understanding of calyceal anatomy, will 
provide the urologist with a picture of stone position as well as 
pelvicalyceal dilatation and drainage. But a poorly performed 
IVU may provide only limited information. In comparison, 
the CT scan has the ability to scan during delayed phases of 
contrast excretion and to provide coronal and sagittal recon- 
struction images. But the main advantage of the CT scan is in 
showing the relationship of the kidney and stone to the sur- 
rounding structures, hence minimizing the risks of injury to an 
enlarged spleen or liver or to an unsuspected retrorenal colon. 
Three-dimensional reconstruction images are a further power- 
ful tool in the future of percutaneous tract planning.’ 

Despite the advantages of the CT scan, for many urolo- 
gists a preoperative CT is simply not a possibility for every 
patient. In some areas of the world endourologists will limit 
their requests for a CT to those patients in whom the anatomy 
is definitely abnormal, and continue to use IVU in the remain- 
der of patients. A preoperative CT scan is certainly of benefit 
in patients with an ectopic, transplanted, or horseshoe kidney 
as well as those with orthopedic deformities. 

In addition, radionucleotide scanning should be consid- 
ered in patients with significant bilateral stone disease to 
show differential function. Differential renal function is also 
important in patients with a focally or globally thin renal 
parenchyma, where a partial or total nephrectomy may be 
preferable to PCNL. 


41.3.2 Patient Assessment 


All patients prior to PCNL should undergo routine labora- 
tory investigation including renal function, hemoglobin, and 
a clotting profile. Medications potentially affecting the 
patient’s coagulation status, including aspirin and nonsteroi- 
dal anti-inflammatory drugs (NSAIDs), should be discon- 
tinued 10-14 days prior to elective PCNL surgery. Blood 
cross-matching is not usually necessary preoperatively, but 
a group and save should be performed. 

Urinary tract infection is a contraindication to PCNL. All 
urinary tract infections should be treated with culture-specific 
antibiotics prior to surgery. However, despite receiving a clear 


urine culture, it is well recognized that urinary stones serve as 
sanctuaries for urinary bacteria. Furthermore, even in cases of 
positive urine cultures, the pathogen grown may be different 
to the stone-colonizing pathogen found in the same patient.* 
There is evidence that preoperative treatment for 1 week with 
oral ciprofloxacin reduces the risk of urosepsis related to 
PCNL, regardless of urine culture results.” Despite a clear 
urine culture and prophylactic antibiotics, in some patients, 
needle puncture of the pelvicalyceal system may still reveal 
purulent urine, and the question arises as to whether it is safe 
to continue with the procedure in this circumstance. In the 
presence of thick or foul pus, placement of a nephrostomy 
tube is certainly the safe thing to do. But in the absence of 
known infection or thick pus, there is now evidence that with 
appropriate full antibiotic prophylaxis PCNL can be safely 
undertaken in the presence of purulent urine.'°"'! 


41.3.3 Anesthetic Considerations 


In the majority of cases, PCNL is performed in the prone 
position under general anesthesia. An anesthetic assessment 
will be necessary in any patient where fitness for this under- 
taking is uncertain. The prone position is a particular prob- 
lem in the morbidly obese patient, where respiratory 
restriction may become critical. Patients with spinal or limb 
deformities may also cause a problem with prone position- 
ing. Multiple authors have shown the safety and success of 
performing PCNL in the supine position for such patients. =" 
For those patients where general anesthesia is felt to be 
unsafe, PCNL can also be successfully performed under 
local anesthesia and sedation.'*'* 


41.4 PCNL: Operative Technique 


41.4.1 Ureteric Catheter Placement 


Following prophylactic intravenous antibiotics and the 
administration of appropriate anesthesia as discussed, the 
first step in PCNL is to gain retrograde access to the pelvica- 
lyceal system. The placement of a 5 Fr open-ended ureteric 
catheter provides the possibility of either saline contrast, or 
air injection to aid in both dilatation and visualization of the 
pelvicalyceal system, providing an optimal target for needle 
puncture. Patient positioning during guidewire and subse- 
quent ureteric catheter insertion varies between surgeons. It 
is our practice to place the ureteric catheter over a guidewire 
with the patient in lithotomy position and then to fix it exter- 
nally to a Foley catheter, prior to turning the patient prone. 
Other authors describe the use of flexible cystoscopy in the 
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prone position for ureteric catheter placement, thus avoiding 
altering the patient’s position and decreasing the risk of ure- 
teric catheter dislodgement.* 

Ureteric catheter placement is critically important, not 
just for gaining upper tract access, but for maintaining safe 
access. In some circumstances, stone burden or patient anat- 
omy will prevent the antegrade passage of a guidewire for 
percutaneous tract stability. In such cases a guidewire can be 
safely passed retrograde and grasped from above for “‘through- 
and-through access” granting maximal tract stability. In addi- 
tion, the ureteric catheter acts to discourage the passage of 
stone fragments into the ureter during PCNL. For this reason, 
when the stone burden is large or the ureter is dilated, some 
endourologists have described the routine use of either a 7 Fr 
occlusion balloon catheter or a stone entrapment device. °? 

Once the patient is placed prone, great care must be taken 
of the endotracheal tube and all pressure points must be pad- 
ded. It is also vital that the patient is positioned on the operat- 
ing table in such a way that there is clear access for the 
fluoroscopy C-arm to be placed below the table with access 
to the kidney, ureter, and bladder. Positioning the C-arm with 
free movement is critical to the subsequent surgery, and 
using a below-table tube greatly reduces the radiation expo- 
sure to the operating surgeon. 


41.4.2 Antegrade Needle Access 


When considering needle access for PCNL, three main ques- 
tions need to be answered: 


1. Who gains access: the urologist or the radiologist? 

2. Under what imaging control is access gained: fluoros- 
copy or ultrasound? 

3. Is the access to be gained in an antegrade or a retrograde 
fashion? 


In answer to the third question, the vast majority of PCNLs 
are undertaken using antegrade access and this has become 
standard practice worldwide. The retrograde approach devel- 
oped as a result of familiarity with transurethral procedures, 
but selection of the appropriate calyx is technically demand- 
ing and time consuming via this route.*! Technological 
advances such as laparoscopic-assisted PCNL have resulted 
in a decrease in the indications for retrograde access, even in 
cases of ectopic and malrotated kidneys. Only antegrade 
access will be considered here. 


41.4.3 Urologist or Radiologist? 


In terms of who gains access, many modern endourologists 
believe strongly that the answer to this question should be 


the urologist. Certainly, in complex stone disease where there 
is aneed for multiple-tract formation, the ability for the urol- 
ogist to safely gain access to the kidney is a clear advantage 
in terms of manpower in the operating theater. It is readily 
apparent that urologists can be trained to safely perform per- 
cutaneous access, with studies suggesting competence after 
60 procedures.” There is also some evidence that stone 
clearance rates may be improved and complication rates 
decreased when an experienced urologist is responsible for 
access.” In our practice, it is the urologist only who performs 
percutaneous renal puncture. 


41.4.4 Fluoroscopy or Ultrasound? 


The use of ultrasound or fluoroscopy for image control 
during needle puncture is a matter of equipment availability, 
training, and personal preference. Both modalities have been 
shown to work well for initial puncture purposes. However, 
the use of ultrasound scanning alone for full tract dilatation 
is generally not possible and this modality needs to be used 
in conjunction with fluoroscopy. Many ultrasound transduc- 
ers are now available with lumens designed to accommodate 
the needle and it has been suggested that the increased accu- 
racy of needle placement afforded by ultrasound-guided 
access may decrease the risks of complications associated 
with PCNL.” Ultrasound-guided access affords the urologist 
several advantages: real-time visualization of surrounding 
structures, easy identification of posterior and anterior caly- 
ces, and the absence of radiation (Fig. 41.4a and b). In a ran- 
domized trial of fluoroscopy versus ultrasound-guided 
access, Basiri demonstrated both modalities to be efficacious 
and noted that the use of ultrasound decreased the radiation 
exposure of the procedure overall.”° 


41.4.5 Percutaneous Puncture: 
Fluoroscopic Approach 


Probably the easiest technique to learn using fluoroscopic 
guidance is the “bull ’s-eye technique.” Initially, the appropri- 
ate calyx for puncture must be identified. If the calyx is stone 
bearing and the stone readily visualized on fluoroscopy this 
is straightforward. In other situations, such as a pelvic stone 
or upper pole access planned to target a pelvicalyceal/upper 
ureteric stone, identifying the appropriate calyx requires the 
retrograde injection of contrast. A posterior calyx will appear 
more medial with the C-arm at 0° and will not fill with as 
much contrast as an anterior calyx. Air can also be injected 
retrogradely as it will preferentially enter the posterior caly- 
ces to aid identification. 
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Fig. 41.4 Ultrasound-guided percutaneous renal access. (a) A direct path is seen from the punctured calyx to the renal pelvis for subsequent tract 
dilatation in an optimal puncture. (b) No direct path is visible from the punctured calyx to the renal pelvis in a suboptimal puncture 


Once the target calyx is chosen, the C-arm is angled 
toward the surgeon at 30° from the vertical plane. With this 
orientation, the target calyx will be seen end-on and will 
appear circular. The position on the skin overlying the 
selected calyx is marked and a small puncture made in the 
skin with a blade. An 18G/15 cm long angiographic needle 
is then introduced through the skin at this position. The 
needle is advanced toward the calyx in the same trajectory 
as the orientation of the C-arm. Thus, the calyx, needle, 
and needle-hub are all in alignment creating a bull’s-eye 
effect. The depth of needle advancement is then checked 
by reorienting the C-arm to 0°. In this orientation, the nee- 
dle can be accurately advanced to reach the tip of the calyx 
only. It is important that needle placement, and subsequent 
tract dilatation, remains peripheral in order to minimize 
the risks of vascular injury to the kidney. Once the needle 
is seen to be accurately overlying the calyx in both the 0° 
and 30° planes, the stylet is removed from the center of the 
needle. Drainage of urine from the needle confirms its 
accurate placement within the calyx. A sample should 
always be taken for culture. In some instances, urine does 
not drain due to low pressure within the pelvicalyceal sys- 
tem. It is, therefore, worth injecting saline retrogradely via 
the ureteric catheter to test for a successful puncture. If 
there is still no drainage from the needle, it is possible that 
the needle has been advanced too far into the calyx and it 
should be withdrawn slowly using negative pressure with 
an attached syringe. If blood drains from the needle, it 
should simply be withdrawn and the puncture reattempted. 
The risk of significant hemorrhage caused by such a thin 
needle is negligible. In the presence of thick or foul pus, a 
nephrostomy should be inserted and the PCNL delayed to 
avoid sepsis. 


Fluoroscopy-guided puncture may also be successfully 
undertaken without routine 30° orientation of the C-arm. 
With the C-arm at 0°, the target calyx is identified and the 
position marked on the overlying skin. This mark identifies 
the medial limit of the needle advancement. The needle is 
then withdrawn over the skin to a more lateral site for needle 
puncture (Fig. 41.5a and b). In exactly the same way as pre- 
viously described, a nick is made in the skin and the needle 
advanced in a direct path to the tip of the desired calyx at a 
30° angle from the horizontal axis. This method, the “trian- 
gulation” technique, relies on the surgeon’s understanding of 
the renal orientation in order to accurately judge the horizon- 
tal angle of needle advancement. Just as in the bull’s-eye 
technique, if the needle fails to hit the target calyx end-on, 
the C-arm is repositioned to 30° to confirm anterio-posterior 
positioning of the needle in relation to the target calyx. 

The needle access is certainly the most critical step in 
the PCNL procedure as the safety of the tract and the effec- 
tiveness of subsequent stone removal relies upon it. Needle 
access is also the most technically challenging part of the 
procedure for the novice surgeon to master. In view of this, 
a variety of biological models have been suggested for 
puncture teaching and practice away from the operating 
theater.*’’* A virtual reality simulator, the PERC Mentor, 
which enables surgeons to get to grips with needle punc- 
tures of varying degrees of difficulty, has also been devel- 
oped.” A further technique for improving surgical accuracy 
has been suggested by Bruyére who reported the creation of 
a training model using the rapid prototyping technique 
based on abdominal CT images of a patient scheduled to 
undergo PCNL.” It was suggested that this technique be 
used not only to train urologists, but in preparing experi- 
enced surgeons facing a particularly difficult or complex 
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Fig. 41.5 Fluoroscopic needle access. (a) The target calyx is identi- 
fied and the position marked on the overlying skin. This mark identifies 
the medial limit of the needle advancement. (b) The needle is then 


procedure. Finally, in an attempt to remove an element of 
human error from the percutaneous access procedure alto- 
gether, robots have been trialed against humans to compare 
their accuracy with needle puncture. In this study, robots 
were shown to be more accurate, although slower, than 
their human counterparts.*! 

Out-of-theater experience with simulators is undoubtedly 
valuable in learning access techniques, but surgeons are also 
experimenting with ways of making the process of needle 
access easier to learn and more accurate within the operating 
theatre. Ko has demonstrated the use of a C-arm laser posi- 
tioning device to facilitate percutaneous renal access for this 
purpose.” 


41.4.6 Tract Dilatation: Placing the Guidewire 


Tract dilatation can be achieved in several ways, using serial 
fascial dilators, metal coaxial dilators, or a balloon. However 
the dilatation is achieved, the main principle is that it should 
be performed over a guidewire that is stiff enough to support 
the dilatation. Ideally, the guidewire should be placed through 
the tract and down the ureter in order to enhance the stability 
of the tract during dilatation. 

Thus, once accurate needle placement into the desired 
calyx has been achieved, a guidewire is passed gently through 
the needle, advanced into the renal pelvis and, if possible, 
down the ureter. Advancement of the guidewire into the ure- 
ter is often tricky and can be facilitated with the use of a 
Cobra catheter. It is our practice to then use a 0.035 in. J-tip 
guidewire to support dilatation of the nephrostomy tract. In 
the presence of a large stone burden, preventing advance- 
ment of the guidewire, it is worth using retrograde injection 
of saline to increase the space around the stone. A further 


withdrawn over the skin to a more lateral site for needle puncture. 
Clear urine is seen draining from the needle following a successful 
puncture 


attempt at advancing the guidewire can be made during saline 
injection and this action may create enough space for satis- 
factory passage of the guidewire. In other situations, it will 
be impossible to advance the guidewire beyond the stone and 
a guidewire should, therefore, be advanced well into a neigh- 
boring calyx in order to grant some guidewire stability dur- 
ing tract dilatation. The stability of the guidewire must 
always be borne in mind by the operating surgeon, and in 
cases of an unstable tract the guidewire should be advanced 
to the ureter as soon as possible once stone fragmentation 
and clearance is underway. 


41.4.7 Serial Dilators 


Fascial dilators and Amplatz dilators are both designed to fit 
over a 0.038 in. guidewire. These serial dilators are both 
inserted in a screw type fashion in 2 Fr increments to the 
desired tract size, which is generally 28 or 30 Fr in adult 
patients. The advantage of these dilators over the metal 
coaxial dilators is that once the 8 Fr catheter is in place over 
the guidewire, the guidewire is unlikely to become kinked. 
In comparison, when using metal coaxial dilators, kinking 
of the guidewire during insertion can be a very significant 
problem and great care must be taken to avoid this. Metal 
dilators are inserted over a 58 cm long central hollow guide 
rod, and it is at the tip of the guide rod where kinking of the 
guidewire can occur. In order to improve control during 
insertion of these serial dilators the surgeon should rest an 
arm on the patient (Fig. 41.6) and avoid holding onto the 
central guide rod. The guidewire should be routinely tested 
for kinking by retracting and advancing it in small amounts 
during the dilatation process. Further control during the 
dilatation process can be gained by ensuring the smooth 
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Fig. 41.6 Tract dilatation: improved control during insertion of rigid 
serial dilators is gained by the surgeon resting an arm on the patient 


passage of one dilator over the next; avoiding unnecessary 
excess pressure exerted by the surgeon and therefore 
decreasing the risk of perforation caused by the dilators. As 
a routine, saline should be used to lubricate the dilators dur- 
ing tract dilatation to ensure smooth passage of each dilator 
over the last. 

With all serial dilators, the dilatation should be performed 
from the skin to the tip of the desired calyx only, and not 
beyond. Serial dilators are an effective tool for nephrostomy 
tract dilatation, but all are associated with the risk of collect- 
ing system perforation if advanced too far into, or indeed 
beyond, the desired calyx during the dilatation process. 
When comparing metal dilators with sequential Amplatz 
dilators, the metal dilators have some advantages. During 
tract dilatation, metal dilators will provide a constant tam- 
ponade effect that is lost each time a serial Amplatz dilator is 
exchanged for the next, causing increased bleeding. Further, 
metal dilators may provide more effective tract dilatation in 
an undilated pelvi-calyceal system; Amplatz dilators have a 
conical tip that may not enter the calyx effectively causing 
under-dilatation. Of the serial dilator sets, the metal dilators 
are the most durable and cost effective in terms of their 
reusability. 


41.4.8 Balloon Dilatation 


Balloon dilatation was developed as a way of achieving 
tract dilatation in a single step, avoiding the need for serial 
dilators. A variety of high pressure balloons are available 
on the market. Balloon dilatation must be performed under 
fluoroscopic control to ensure accurate tract placement and 
also to demonstrate full tract dilatation. Each balloon has 
radiographic markers so that it can be successfully posi- 
tioned over the guidewire prior to inflation. Just as in serial 
dilatation techniques, it is important to dilate a tract from 
the skin to the tip of the desired calyx in order to decrease 


the risk of tearing a narrow infundibulum causing damage 
to the renal vasculature. Following full dilatation of the 
balloon, a working sheath is positioned over the balloon 
within the tract prior to deflation and removal of the 
balloon. 

Where scarring is present, balloon dilatation may prove 
difficult. In some situations the tract may be successfully 
dilated except for one small area of “waisting.” In this situa- 
tion continued or increased pressure within the balloon may 
eventually dilate the area of scar tissue; otherwise incision of 
this area may be required, with care taken not to incise the 
balloon. Recently, newer balloons have been developed spe- 
cifically to cope with the increased pressure required in the 
presence of renal scarring, although the literature evidence 
for the successful use of these devices is not yet available. In 
the presence of very dense scar tissue following prior renal 
surgery, balloon dilatation may not be possible. Under these 
circumstances, metal coaxial dilators are extremely useful. 
The inability to dilate dense scar tissue and the cost of the 
balloons are the two disadvantages to this excellent tract 
dilatation technique. 

The technique of tract dilatation continues to develop in 
an attempt to make the procedure faster and to decrease the 
risks associated with it. A novel single step balloon dilatation 
system is currently under trial, which aims to eliminate the 
need for sheath placement over the balloon; this device has 
been shown to work satisfactorily in pigs.” 


41.4.9 The “Mini-Perc” 


As previously stated, tract dilatation with serial dilators or 
by balloon dilatation is generally to 28 or 30 Fr in adult 
patients. The “mini-perc” system was designed to reduce 
the morbidity associated with such large bore tract dilata- 
tion in children.” This system comprises a dual lumen cath- 
eter and a peel-away introducer providing tract sizes of 
11-15 Fr. The reduced tract size works well in children in 
conjunction with pediatric instruments.’ The mini-perc 
system has also been adapted for use in adult patients with 
smaller stones using tract sizes up to 18 Fr, with the same 
intention of reducing patient morbidity. However, the mini- 
perc technique requires longer operative time and the stone 
clearance results provided by such a reduction in tract size 
may not always be satisfactory. Both stone fragmentation 
technique and the size of stone fragments retrieved will be 
limited by the reduction in tract size. Giusti reported that, 
although hospital stay was reduced for patients undergoing 
mini-perc procedures, the stone-free rate was significantly 
reduced when compared with both standard and tubeless 
PCNL: 100% in the tubeless PNL group, 94% in the stan- 
dard PNL group, and 77.5% in the mini-perc group.’ 
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41.5 Stone Clearance: Tricks of the Trade 


Throughout this chapter we have emphasized the importance 
of planning and establishing safe and appropriate percutane- 
ous access for stone clearance. The aim of establishing access 
is always to be able to clear the maximum stone bulk from a 
single nephrostomy tract. The nephrostomy tract is always 
straight with the access sheath in situ; the only angulation 
available to the tract is afforded by the space within the pel- 
vicalyceal system and the flexibility of the surrounding tis- 
sues. A dilated system will provide a large area of movement 
for the nephrostomy tract and therefore the nephroscope 
within the kidney. In this situation it is possible to reach 
stones in varying calyces and to clear stones from opposing 
renal poles with the use of a rigid nephroscope from a single 
nephrostomy tract. But in many cases the pelvicalyceal sys- 
tem is not dilated and the renal area within reach of the rigid 
nephroscope may be very limited. In such situations there are 
various tricks and techniques that the endourologist should 
be aware of, which may circumvent the need for multiple- 
tract formation. 

The flexible nephroscope is an extremely valuable tool in 
the event of an “out-of-reach” stone, and one that many sur- 
geons would advocate for use in every PCNL. A flexible 
nephroscope can be used in conjunction with the multitude 
of baskets and graspers that are available for mobilizing 
small stones and stone fragments within the urinary system 
overall. In addition, the flexible nephroscope can be used 
with laser lithotripsy, providing excellent stone fragmenta- 
tion in situ. The disadvantage of the flexible scope lies in its 
cost and, in comparison with its rigid counterpart, its lack of 
durability. For these reasons, many urologists performing 
PCNL will not have a flexible scope available to them. 

In the absence of a flexible scope, the use of a pediatric 
nephroscope will allow greater movement within the pelvi- 
calyceal system than a standard 24 Fr adult nephroscope. A 
change in scope size may be enough to safely reach into an 
adjoining calyx that appeared previously out of sight. If a 
stone remains out of reach, a basket or a guidewire placed 
with the aid of an angulated catheter may be enough to dis- 
lodge a stone into the surgeon’s direct line of vision. 

If a small stone, or fragment, is lying within a calyx that 
is absolutely out of reach from the created nephrostomy tract, 
a “puncture wash” can be used. This requires a needle punc- 
ture into the stone-bearing calyx and the injection of saline to 
flush the stone out of the unreachable calyx hopefully into 
the renal pelvis from where it can be readily extracted. This 
technique of non-dilated puncture is also very useful in cases 
where a calyceal infundibulum is difficult to visualize. Meth- 
ylene blue can be injected into the stone-bearing calyx in 
order to identify the infundibulum from within the renal pel- 
vis. Similarly, a guidewire passed through the secondary 
needle puncture and into the renal pelvis will act as a guide 


to the calyceal infundibulum. The guidewire may also be 
back-loaded onto a flexible scope if necessary to assist entry 
into the calyx for stone fragmentation or retrieval. 

Despite all of these tricks for improving stone retrieval 
via a single nephrostomy tract, it is important to remember 
that in cases of a significant stone bulk in an out-of-reach 
calyx, a second nephrostomy tract remains the quickest and 
most effective method of stone clearance. In cases where the 
use of two or more tracts is anticipated, we would recom- 
mend initial puncture and guidewire placement to each calyx 
where access is planned, prior to dilatation of any tract 
(Fig. 41.7a—f). This approach helps significantly in multiple- 
tract PCNL by enabling the use of contrast under fluoro- 
scopic guidance for each puncture. Contrast use becomes 
difficult following tract dilatation due to leakage from the 
Amplatz sheath and extravasation related to the tract. For any 
preplanned tract that is subsequently not required, the guide- 
wire is simply removed at the end of the procedure. 

The need to achieve complete stone clearance cannot be 
overemphasized. Endourologists continue to investigate 
new ways of ensuring that each PCNL is as complete as pos- 
sible. Multiple tricks for enabling stone clearance from the 
antegrade approach have already been outlined. A combined 
approach using both antegrade and retrograde routes is also 
possible. Marguet described flexible ureteroscopy in combi- 
nation with standard antegrade access for PCNL to enhance 
stone clearance and decrease the number of required neph- 
rostomy tracts in complex stone disease with satisfactory 
results.’ The quest for complete stone clearance has also led 
to PCNL being undertaken in an interventional radiology 
suite in order to investigate the use of high magnification 
rotational fluoroscopy in improved visualization of stone 
fragments.” Whatever equipment is available to the operat- 
ing surgeon, the intention of each PCNL procedure should 
be to gain maximal stone clearance. 


41.6 Nephrostomy 


Following PCNL a nephrostomy drain is usually placed. The 
retrograde ureteric catheter that is placed intraoperatively 
may be left in place for 1 day after removal of the nephros- 
tomy drain to ensure antegrade renal drainage. The nephros- 
tomy drainis usually removed within 1—2 days postoperatively. 
Postoperative pain and analgesic requirements are greater in 
patients with large-bore nephrostomy tubes.*“' Analgesic 
requirements can be decreased with peritubal infiltration of 
bupivacaine at the time of nephrostomy insertion.**** If pro- 
longed drainage is indicated, such as in cases with significant 
collecting system perforation, residual stones, and impacted 
UPJ stones causing edema, an internal DJ stent is indicated 
and can be placed antegradely. 
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Fig. 41.7 Pre-dilatation guidewire placement for all potential tracts in  urography (IVU) film.(e) Initial guidewire placement for right PCNL. 
a right Percutaneous nephrolithotomy (PCNL) for staghorn. (a) Plain (d) Second guidewire placement. (e) Third guidewire placement. 
KUB demonstrating bilateral staghorn calculus. (b) Intravenous (f) Fourth guidewire placement 
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In select situations, patients can be safely managed post- 
operatively without either nephrostomy drainage or an inter- 
nal stent. So called “totally tubeless” PCNL should only be 
undertaken in straightforward cases without any intraopera- 
tive complications, bleeding, or collecting system perfora- 
tions.“ Complete stone clearance should also have been 
achieved in order to avoid ongoing percutaneous tract leak- 
age secondary to ureteric obstruction.** In many situations, 
totally tubeless PCNL may not be advisable despite the 
absence of significant complications; for example, in patients 
with an impacted pelvic stone, where mucosal edema may be 
marked, limiting postoperative antegrade renal drainage. In 
such situations, an antegradely placed DJ stent may be left in 
situ, but no nephrostomy tube: a “tubeless” PCNL. When 
considering a tubeless PCNL, the exclusion criteria would 
generally be less rigid. However, exclusion criteria should 
still include the presence of infected hydronephrosis, matrix 
calculi, significant bleeding or residual stone burden, and the 
need for three of more percutaneous accesses.“ 

Instillation of hemostatic and tissue sealants into the 
tracts of “tubeless” patients does not appear to signifi- 
cantly decrease bleeding or extravasation.“ However, one 
randomized controlled study has shown that fibrin seal- 
ants can reduce the postoperative pain and analgesic 
requirement.** 


41.7 Complications 


Common and significant complications associated with 
PCNL are systemic inflammatory response syndrome (SIRS), 
bleeding, pelvic perforation, and adjacent organ injury. Fur- 
ther complications include fluid overload, hypothermia, 
inward migration of working sheath, strictures of the collect- 
ing system, nephrocutaneous fistula, and mortality. 

The incidence of SIRS after PCNL is common and has 
been reported as high as 23.4%, though progression to full 
sepsis is unusual (0.3-4.7%).”” Risk factors for SIRS include 
the number of tracts, receipt of a blood transfusion, stone 
size, and presence of pyelocaliectasis. When full-blown sep- 
sis does occur, successful management relies on a high index 
of suspicion, early intervention, and intensive treatment. The 
results of urine and stone cultures taken preoperatively, per- 
operatively, and during the febrile period hold great impor- 
tance for decision making in terms of antibiotic changes 
during treatment.**°*! There is evidence that PCNL-related 
sepsis can be reduced with the use of preoperative ciproflox- 
acin for 1 week.’ 

Bleeding can occur from the renal parenchyma (tract) or 
from an injury within the pelvicalyceal system (infundibular 
or pelvic tear). As discussed previously, in anatomical con- 
siderations, a tract that is too medial risks injury to major 


renal vessels. Venous bleeding can be controlled with place- 
ment of a wide bore nephrostomy tube; increased benefit is 
gained by clamping the nephrostomy tube for tamponade 
effect. If, despite these measures, bleeding continues and is 
bright red, an arterial bleed should be suspected. Arterial 
injuries may also manifest late (3-4 weeks post-procedure). 
The more common arterial injuries are arterio-venous fistula, 
pseudo aneurysm, and arterial laceration (Fig. 41.8). Profuse 
arterial bleeding requires urgent stabilization of the patient, 
followed by renal arteriography and super-selective angio- 
embolization of the bleeding arterial branch. Interventions to 
control bleeding are required in 0.6-1.4% of PCNL patients.” 
A very small number of patients may require open surgery 
with total or partial nephrectomy. Reported blood transfu- 
sion rates following PCNL range from 11.2% to 30.9%." 
Diabetes, multiple-tract procedures, prolonged operative 
time, and the occurrence of intraoperative complications are 
all associated with significantly increased blood loss. Maneu- 
vers that may reduce blood loss and transfusion rate include 
ultrasound-guided access, use of balloon dilatation systems, 
reduced operative time, and staged procedure in case of a 
large stone burden or intraoperative complications. Reducing 
the tract size in pediatric cases, non-hydronephrotic systems, 
and those with a narrow infundibulum, as well as secondary 
tracts in a multiple-tract procedure may also reduce blood 
loss during PCNL.” Staghorn stones, multiple tracts, the 
presence of diabetes, and large stones were associated with 
increased renal hemorrhage during PCNL on multivariate 
analysis.~° 

Collecting system perforations are not uncommon during 
PCNL and occur mainly during tract dilatation and occa- 
sionally during stone manipulation. These perforations are 
generally evident during nephroscopy and mostly resolve 
with nephrostomy drainage and ureteral DJ stenting 
(Fig. 41.9). A persistent perinephric urinoma may require 
ultrasound-guided percutaneous drainage. 


Fig. 41.8 PCNL complications: an angiogram demonstrating an arte- 
riovenous fistula secondary to PCNL 
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Fig. 41.9 PCNL complications: endoscopic view of the pelvicalyceal 
system during PCNL showing a pelvic wall perforation with a renal 
stone on the left 


During PCNL, injury to structures adjacent to the kidney 
(pleural cavity, lung, colon, spleen, liver, and duodenum) can 
occur. Pleural and colonic injuries have been reported in 
0-3.1% and 0.2-0.8% respectively of patients undergoing 
PCNL.” A significant pleural injury should be managed with 
tube thoracostomy drainage. A ureteral stent or prolonged 
nephrostomy drainage will satisfactorily treat a reno-pleural 
fistula. Colonic injury should be managed by placement of a 
ureteral DJ stent and by drawing the nephrostomy tube back 
into the colon at the point of perforation. In the absence of 
distal bowel obstruction, the colonic injury will generally 
heal. Bowel healing should be confirmed after approximately 
1 week with a contrast study via the nephrostomy tube: in the 
absence of a colo-renal fistula, the colonic nephrostomy 
drain can be removed. Splenic injuries are rare during PCNL. 
Although splenic injuries may be managed conservatively, a 
splenectomy is occasionally required in cases of significant 
bleeding. Liver injury is also unusual and rarely requires sur- 
gical intervention. 

PCNL-related fluid overload occurs as a result of irriga- 
tion fluid absorption through open venous channels or 
extravasation. Fluid absorption may cause clinically signifi- 
cant overload in patients with compromised cardiorespiratory 
or renal status and in pediatric patients. The use of a low- 
pressure system, reduction in nephroscopy time, and staging 
the PCNL procedure for large renal stone burdens, especially 
in the presence of complications such as perforation of the 
pelvicalyceal system, reduces fluid absorption and avoids 
volume overload. In addition, it is important to ensure that the 
operative tract sheath remains within the pelvicalyceal sys- 
tem during the PCNL procedure; if the tract sheath drifts 
peripherally, exposing the parenchymal or even extrarenal 
portion of the tract, fluid absorption and extravasation will 
increase exponentially. Fluid absorption may also be associ- 
ated with both infective and noninfective pyrexia, necessitat- 
ing adequate preoperative control of urinary infection.” 


41.8 Special Situations 


41.8.1 Bilateral Stone Disease 


Simultaneous bilateral PCNL is a safe procedure that can be 
used effectively in adults as well as in children. In addition to 
being cost-effective, it involves only a single anesthetic with 
a shorter hospital stay and faster convalescence. However, 
patients with a large stone burden or complex pelvicalyceal 
anatomy should not be selected.” Following completion of 
one side, the decision to proceed with the contralateral PCNL 
should be based on time taken for the first side, blood loss, 
vital signs and blood parameters, any complications, and 
patient comorbidities. Despite the best of intentions, approx- 
imately 30% of anticipated simultaneous bilateral PCNL 
cases might be limited to single-sided PCNL, depending on 
intraoperative events.” 


41.8.2 Ectopic Kidneys 


PCNL, although an accepted treatment modality in anatomi- 
cally normal kidneys, is still not universally performed for 
calculi in pelvic ectopic kidneys. Fear of inaccessibility and 
injury to abdominal viscera make it a technically challenging 
procedure. Ultrasound-guided PCNL may be attempted if a 
clear ultrasound window is available from the skin to the tar- 
get calyx, suggesting the absence of any intervening bowel 
loop. Technical factors that increase the safety of this proce- 
dure include ultrasound-guided puncture, use of a mature tract 
or an Amplatz sheath, routine postoperative double-J stenting, 
and nephrostogram prior to nephrostomy tube removal. With 
proper precautions and meticulous technique, PCNL is a safe 
and effective modality to treat calculi in pelvic ectopic kid- 
ney.°' However, PCNL is perhaps more widely performed in 
pelvic ectopic kidneys with the assistance of laparoscopy.” 


41.8.3 Horseshoe Kidneys 


Urolithiasis is the most common complication of the horse- 
shoe kidney, with a reported incidence of 21-60%, and 
PCNL is well recognized as being both safe and efficacious 
in these cases.° Despite this, just as in pelvic ectopic kid- 
neys and other malrotated kidneys, there may be a fear of 
inaccessibility and injury to adjacent structures associated 
with PCNL in the horseshoe kidney. Therefore, it is worth 
noting one advantage of the horseshoe kidney anatomy over 
the normal kidney as regards PCNL. In patients with nor- 
mal renal anatomy, access to the upper pole calyces during 
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Fig. 41.10 Horseshoe kidneys. (a) Plain X ray KUB showing multiple left renal calculi in a horseshoe kidney. (b) Post contrast IVU film 


PCNL often requires a supracostal approach, with the asso- 
ciated risk of pleural injury. In contrast, upper pole access 
in the horseshoe kidney is relatively safe due to the inferior 
displacement of the kidneys away from the pleura and a 
low reported incidence of associated pneumothorax.*® 
Furthermore, upper pole access is a valuable aid to stone 
clearance, as the alignment of the nephroscope with the 
long axis of the kidney aids manipulation of the scope into 
the upper calyces, renal pelvis, lower calyces, pelviureteric 
junction (PUJ), and proximal ureter. 

Two further factors make PCNL an attractive choice in 
the management of stones within horseshoe kidneys. These 
patients often have very significant stone burdens, making 
PCNL an effective technique for stone clearance with the 
minimal number of required procedures (Fig. 41.10a and b). 
In addition, ureteric insertion onto the renal pelvis tends to 
be both superiorly and laterally displaced, limiting the 
chances of stone fragment passage following extracorporeal 
shock wave lithotripsy. 


41.8.4 Obesity 


Obesity is well recognized to increase the risks of anesthetic 
and surgical procedures. However, in the obese patient with 
a significant renal stone burden, surgery in the form of PCNL 
is often the most appropriate treatment as extracorporeal 
shock wave lithotripsy can prove ineffective. Although tech- 
nically challenging, PCNL has been shown to be safe even in 
the morbidly obese patient with no difference in outcomes 
when compared to patients with lower body mass index.°~ 
However, patient positioning may be critical to the success 


of the PCNL procedure, especially in the morbidly obese 
patient where prone positioning will precipitate respiratory 
difficulties. 

Supine positioning is one way to avoid the respiratory 
risks of a standard PCNL in the obese patient!*'°; but 
brings with it the not-insignificant challenge of punctur- 
ing the kidney with limited access. An alternative to the 
supine position is the lateral decubitus position, which 
leaves the loin exposed, but still necessitates percutaneous 
renal puncture in an unusual position. Both supine and 
lateral decubitus positioning can be used in conjunction 
with spinal anesthesia for PCNL. In a further attempt to 
minimize the risks of prone PCNL in the morbidly obese 
patient Wu et al. have recently reported the use of awake 
endotracheal intubation and prone patient self-position- 
ing, with no increase in morbidity.” Despite the varied 
possibilities for minimizing the risks of general anesthetic 
PCNL, in the very high risk patient the technique of PCNL 
under local anesthesia with sedation should not be 
forgotten. 


41.8.5 Pediatric PCNL 


PCNL was first applied to the pediatric population in the 
1980s using adult-size instruments. Although the technique 
is successful using adult-size instruments, even in young 
children, a reduction in the tract size is now recommended to 
decrease the risk of hemorrhagic complications.” The less 
invasive “‘mini-perc” procedure was developed as a method 
for performing PCNL, with the specific intent of decreasing 
the morbidity of the procedure in young children.” 
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Further technologic improvements, including miniatur- 
ization of endoscopes and advances in energy sources for 
stone fragmentation, has meant that PCNL can now be per- 
formed safely in children from just a few months old and 
with stones of all sizes. Stone-free rates in pediatric PCNL 
monotherapy are comparable to those of adult populations. 
Aron et al. reported complete stone clearance with PCNL 
monotherapy of 89% in preschool children with complete 
staghorn calculi.” Just as in adult patients, bilateral stone 
disease, compromised renal function, and renal anatomical 
abnormalities should not be viewed as contraindications to 
PCNL in the pediatric population.” However, comprehen- 
sive care of the pediatric patient undergoing PCNL requires 
close liaison between the urologist and nephrologist, as many 
of these patients will have metabolic abnormalities as a cause 
of their urolithiasis. 

In view of the invasive nature of PCNL, there remains 
a concern of potential renal damage in relatively small 
kidneys. Several studies have tried to address this problem 
by determining the frequency of renal parenchymal dam- 
age following PCNL in children using technetium-99m 
dimercaptosuccinic acid (DMSA) scans. Samad et al. 
demonstrated focal damage in 5% of postoperative DMSA 
scans, but concluded that this may be an overestimate of 
renal injury since preoperative DMSA scans were not 
available in this study.“ Others have shown no new renal 
scarring following PCNL in children, when preoperative 
and postoperative DMSA scans were compared.” 


41.9 Conclusions 


Since the initial use of a percutaneous tract for the specific 
purpose of stone removal in the mid-1970s, PCNL has 
become the surgical approach of choice in patients with a 
large renal stone burden. The technique has developed over 
time and now affords safe and effective stone clearance in 
patients of all ages, together with significant comorbidities 
and complexities of both renal and spinal anatomy. In all 
cases, the planning and successful execution of the initial 
access into the kidney is critical to the outcome of PCNL. 
The ability to gain access to the desired renal calyx, with a 
minimum of complications, requires a thorough understand- 
ing of renal calyceal and arterial anatomy as well as sur- 
rounding structures. The risks of PCNL puncture are 
minimized by choosing a path that will grant direct access to 
the stone with a straight instrument, whilst remaining poste- 
rolateral and, if possible, below the 12th rib. To this aim, CT 
scanning is now rapidly overtaking IVU as the preoperative 
planning radiological imaging of choice. Decisions regard- 
ing patient positioning and type of anesthesia will remain 
dependent upon patient body habitus and comorbidities. 


Needle puncture and antegrade access should be undertaken 
by the most appropriately trained person (urologist or radi- 
ologist) using either ultrasound or fluoroscopic guidance. 
Both techniques work well, but needle access remains tech- 
nically challenging and out-of-theater experience with simu- 
lators is undoubtedly valuable in learning PCNL access. 
Ultrasound-guided access affords the advantages of real-time 
visualization of surrounding structures, easy identification of 
posterior and anterior calyces, and the absence of radiation. 
The aim of establishing access should always be to clear the 
maximum stone bulk from a single nephrostomy tract. To 
this aim, the use of flexible and pediatric scopes, puncture 
wash, and the use of second guidewires have been high- 
lighted as techniques to improve stone clearance. In cases 
where the use of two or more tracts is anticipated, we would 
recommend initial puncture and guidewire placement to each 
calyx where access is planned, prior to dilatation of any tract. 
Complications associated with PCNL will be minimized 
through systematic preoperative patient preparation and 
access planning. A robust knowledge of the management of 
PCNL complications will further ensure that the technique 
remains as safe as possible in all situations, including the 
more technically challenging situations of ectopic kidneys, 
obesity, and pediatrics. Finally, although PCNL has now 
superseded open surgery in virtually all cases of large stone 
burden, it remains imperative to remember that occasionally 
a nephrectomy will be the better option for a patient with a 
very large stone burden in a poorly functioning kidney. 
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Ureteroscopy for Ureteric Stones 


Amy E. Krambeck and James E. Lingeman 


Abstract Ureteroscopy is a safe and effective treatment for both distal and proximal ureteral 
calculi. Significant advancements in scope design, intracorporeal lithotrites, stone retrieval 
devices, and assistive devices have greatly increased the safety of ureteroscopy. In this chap- 
ter we will review the history of ureteroscopy and indications for the procedure. We will also 
discuss the ideal use of flexible, semirigid, and rigid ureteroscopes. Appropriate applications 
of assistive devices, ureteral access sheaths, and stone retrieval devices will be reviewed. We 
will also assess applicability of different intracorporeal lithotrites. Finally, complications of 
ureteroscopy will be examined, as well as their appropriate treatment. Urologists with appro- 
priate knowledge of and skill sets for ureteroscopy should consider this treatment modality a 
realistic first-line therapy for ureteral stone disease. 


42.1 Introduction 


As a result of technological advancements in not only uret- 
eroscope design, but also intracorporeal lithotrites, ureteral 
access and stone retrieval devices, and postoperative stent- 
ing, ureteroscopy is fast becoming a preferred treatment for 
ureteral stone disease. In fact, with the introduction of 
current ureteroscopy techniques, open surgical manipulation 
for ureteral stones has become obsolete and the role of shock 
wave lithotripsy (SWL) for ureteral stone disease has 
decreased. 

The first recorded surgical procedure performed specifically 
for ureteral stone disease was by Thomas Emmet in 1879. He 
reported surgical manipulation on three female patients with 
stones in the distal ureter. In one patient, a cystotomy was made 
and the stone extracted from the ureter using forceps via the 
ureteral orifice; in another patient, the stone was removed 
transvaginally using a cut down technique, thus the first 
recorded ureterolithotomy.' Shortly after Emmet’s report, blind 
endoscopic removal of ureteral calculi was developed. The first 
successful endoscopic stone manipulation was reported by 
Gustav Kolisher in 1889. He located a distal ureteral stone 
with a metal-tipped catheter and injected sterile oil to displace 
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the stone.’ In 1912, Hugh Hampton Young introduced a pediatric 
cystoscope into a dilated ureter up to the level of the renal pel- 
vis in a child with posterior urethral valves, performing the first 
documented ureteroscopy.* Due to technologic limitations, not 
until the development of fiberoptics did further advancements 
in the field of endourology take place. In 1957, Curtiss and 
Hirschowitz* created the first flexible endoscope, which was 
subsequently used clinically for ureteroscopy by Marshall in 
1964.' Interestingly, it was not until 1977 that rigid ureteros- 
copy was clinically implemented by Goodman.! 

The development of minimally invasive treatments for 
urinary calculi has been closely married to technologic 
advances in the fields of fiberoptics and radiographic imag- 
ing. Since the initial endoscope introduced by Hirschowitz, 
vast improvements have been made in ureteroscope design, 
mechanics, and optics. Early rigid ureteroscopes were large, 
10-16 French (Fr), and utilized a rod-lens system making 
them inflexible. The smallest rod-lens ureteroscope was 
described by Huff with a diameter of 8.5 Fr. Current rigid 
ureteroscopes are significantly smaller in size due to the 
replacement of the rod-lens system with fiberoptics. The 
flexibility of the fiberoptic bundles makes the previously rigid 
shaft bendable along its vertical axis without image distor- 
tion, hence the current term “semirigid.” However, the image 
quality is not as clear as the rod-lens system. The first semi- 
rigid ureteroscope was introduced in 1989,° quickly followed 
by multiple other semirigid ureteroscope designs.’ 
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Original flexible ureteroscopes also had significant 
limitations and worked by passive deflection only. Further- 
more, they lacked working and irrigation channels. Current 
flexible ureteroscopes are dual deflection and have one 3.5 Fr 
or greater working channel. In general, the tip of the scope 
ranges from 7.5 to 8.5 Fr and they range in length from 54 to 
70 cm. The flexible ureteroscopes are tapered with maximal 
diameter proximally to allow slow dilation of the ureter as 
the device is passed retrograde. 

In this chapter we will discuss the treatment goals for ure- 
teral calculi. The role of modern rigid and flexible ureteros- 
copy for the treatment of ureteral calculi disease in both the 
lower and upper ureter, as well as the use of different litho- 
trites and assistive devices will also be explored. Finally, we 
will cover potential complications of ureteroscopy. 


42.2 Ureteral Calculi 


The treatment goal for ureteral calculi is to completely clear the 
patient of all stone disease while limiting morbidity. In general, 
most patients with ureteral calculi 4 mm or less in size do not 
require intervention.’ Furthermore, stone location plays an 
important role as stones located in the distal ureter are more 
likely to pass spontaneously than those located more proxi- 
mally.’’ The probability of spontaneous ureteral stone passage 
overall is directly related to the distance of the ureter to be 
traversed and inversely related to stone size. However, other 
factors must be considered, and in those patients with signifi- 
cant pain, bilateral ureteral stone disease, stone disease in a 
solitary kidney, unpassable stones larger than 5 mm, or smaller 
stones that do not pass after a trail of conservative manage- 
ment, immediate surgical intervention should be executed. 
Ureteral stones in patients with abnormal anatomy (ureteral 
ectopia, ureterocele, megaureter) may have impaired passage 
and thus, surgical intervention should be implemented early.''” 
Calculi in the presence of urinary tract infections — that is, 
“infected stones” — should be considered an emergency condi- 
tion and treated with ureteral stenting or percutaneous nephros- 
tomy tube placement. Once the acute infection has been 
adequately treated, surgical stone manipulation should follow. 
Although SWL is considered an accepted treatment modal- 
ity for ureteral stones*’, studies have demonstrated that uret- 
eroscopy is the most cost-effective treatment strategy for 
ureteral stones at all locations after observation fails.'*:'* Uret- 
eroscopy can also be applied when SWL is contraindicated, 
such as patients on anticoagulation therapy.'> Furthermore, 
ureteroscopy can be performed safely in patients with bilateral 
ureteral stone disease”! or those with a solitary kidney. 
Ureteroscopy was initially performed exclusively under 
general or regional anesthesia due to the large caliber of early 
ureteroscopes. With the introduction of fiberoptics and the 


progressive decrease in ureteroscope size, ureteroscopy can 
potentially now be performed under intravenous sedation or 
sedoanalgesia. Although most urologists still prefer to per- 
form ureteroscopy under general anesthesia, several authors 
have reported success rates of ureteroscopy performed under 
sedoanalgesia equivalent to those of ureteroscopy under gen- 
eral anesthesia.'*~ In our practice we prefer general anesthesia 
for ureteroscopy to limit patient discomfort. Most ureteral 
orifices will accommodate a 6-7 Fr device without dilation 
making rigid and flexible ureteroscopy possible, and using 
small-diameter Holmium:YAG fibers immediate treatment 
of ureteral calculi can be achieved. Since instrumentation 
Ge., flexible versus rigid) can differ from upper to lower ureter, 
we will focus on these categories separately (Fig. 42.1). 


42.3 Distal Ureteral Stones 


Ureteroscopy for distal ureteral calculi is a highly successful, 
minimally invasive treatment associated with limited mor- 
bidity. It can be used to treat large or multiple stones of any 
composition and has a high immediate stone-free rate. Meta- 
analysis performed for the 2007 ureteral calculi American 
Urologic Association (AUA)/European Urologic Associa- 
tion guidelines noted ureteroscopy to be superior to SWL for 
the treatment of all sized distal ureteral stones.” Overall 
complication rates were similar in both the ureteroscopy and 
SWL-treated patients. A summary of ureteroscopy compli- 
cations are presented in Table 42.1. The overall stone-free 
rate for distal ureteroscopy with one procedure was 94% 
(C.I. 86-96%). Ureteral injury occurred in 3% (C.I. 3-4%) 
and ureteral stricture development in 1% (C.I. 1-2%) of dis- 
tal ureteroscopy patients. Based on these results, the AUA/ 
EUA has recommended distal ureteroscopy as the first-line 
therapy for nonpassable distal ureteral calculi. 

It is our preference to limit rigid or semirigid ureteros- 
copy to stones below the iliac vessels. In some cases, specifi- 
cally female patients, itis possible to advance the ureteroscope 
to the renal pelvis; however, ureteroscope mobility is limited 
high in the ureter, making it difficult to efficiently retrieve all 
stone fragments. Meta-analysis has demonstrated a decrease 
in stone-free rates when rigid/semirigid ureteroscopes are 
used to treat proximal ureteral stones compared to flexible 
(77% versus 87%).” Furthermore, the risk of ureteral injury 
is not trivial in these cases. While the only statistically iden- 
tifiable risk factors for ureteral injury during ureteroscopy 
are operative time and surgeon experience,” there has been a 
significant decrease in reports of ureteral injury secondary to 
ureteroscopy from 1989 to 2000 and this has been attributed 
to the use of more flexible instruments for ureteroscopy.*~° 
Based on these observations it is our opinion to limit rigid/ 
semirigid ureteroscopy to distal ureteral stones. 
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Technique 
«Limit ureteral dilation 
«Safety wire 
-Ureteral access sheath 
«Pressure irrigation 
«Flexible ureteroscope 
*Basket extraction of small stones 
*Holmium laser lithotripsy if needed 
*Stentless if minimal ureteral trauma/edema* 


Fig. 42.1 Basic algorithm for ureteroscopic management of ureteral 
calculi. * This algorithm is for small calculi that have failed a trial of 
passage, larger calculi unlikely to pass spontaneously, bilateral cal- 
culi, calculi in a solitary kidney, or patients unable to tolerate conser- 


Technique 
«Limit ureteral dilation 
Safety wire 
Two wire scope passage for tight ureter 
*Semi- rigid 6.5-8.5 Fr scope 
«Basket extraction of stone 
Holmium laser lithotripsy if needed 
Assistive device if retropulsion anticipated 
*Stentless if minimal ureteral trauma/edema”™ 


vative management. * Patients undergoing bilateral ureteroscopy, 
ureteroscopy in a solitary kidney, or renal insufficiency should have 
a temporary postoperative ureteral stent placed 


Table 42.1 Summary of ureteroscopy complications reported in American Urologic Associated and European Urologic Association 2007 ureteral 


23 


calculi guideline 
Distal ureter 


Number of 


Mid-ureter 


Number of 


Proximal ureter 


Number of 


Complication patients patients patients 
Steinstrasse a a 109 0 
(0-1) 
Stricture 1,911 1 326 4 987 2 
(1-2) (2-7) (1-5) 
Ureteral injury 4,529 3 514 6 1,005 6 
(3-4) (3-8) (3-9) 
UTI 458 4 63 2 224 4 
(2-7) (0-7) (1-8) 
Sepsis 1,954 2 199 4 360 4 
(1-4) (1-11) (2-6) 


* Steinstrasse complication was not reported for distal and mid-ureteral calculi 


In general, all attempts are made to avoid ureteral orifice 
dilation in our practice. The older rod-lens ureteroscopes pro- 
vide excellent irrigant flow and visualization; however, they are 
large with diameters 8.5-16 Fr. Often the rod-lens uretero- 
scopes required balloon dilation of the ureteral orifice in 
patients that were not previously stented. With the introduction 
of the fiberoptic system, the diameter of the ureteroscope has 
been significantly downsized such that most patients under- 
going ureteroscopy do not require balloon dilation of their 


ureteral orifice. Contemporary semirigid ureteroscope tip 
diameters range from 6.0 to 10 Fr with a length of 31 cm and 
working channel diameter of 2.1—-6.6 Fr. The majority of semi- 
rigid ureteroscopes have tapered oval or circular tips; however, 
American Cystoscope Manufacturers Incorporated (ACMI) 
has introduced the MR-6™ which is a triangular beveled tip 
thought to facilitate introduction into the ureteral orifice." 
Retrospective studies have compared the success rates 
and complications between rigid and semirigid ureteroscopes. 
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Francesca et al.” compared outcomes of 229 rigid to 44 
semirigid ureteroscopy procedures. In the rigid ureteros- 
copy group, ureteral dilation was performed in 86.6% of 
cases with a success rate of 85.5%, ureteral perforation 
rates of 11.2%, and 1.6% rate of ureteral stenosis. In the 
semirigid group none of the patients required ureteral 
orifice dilation and the success rate was 89.8%, ureteral 
perforation rate 2%, and none developed ureteral steno- 
sis. The authors concluded that ureteroscopy was safer 
using semirigid ureteroscopes without compromising 
success rates. Authors have also attributed the decrease 
in overall ureteroscopic complications from 20% to 12% 
over a 10-year interval to small ureteroscope sizes and 
increased surgeon experience.” Stoller and colleagues**® 
reported a decreased need for ureteral balloon dilation of 
16%, when smaller semirigid ureteroscopes were used as 
opposed to rigid ureteroscopes. 

As stated previously, it is generally not necessary to per- 
form ureteral dilation prior to insertion of the semirigid 
ureteroscope”’*’; however, when the ureteral orifice is too 
narrow to accommodate the ureteroscope, dilation may be 
necessary. Ureteral dilation can be accomplished with serial 
dilators, balloon dilation, or with a smaller “mini” uretero- 
scope. There is controversy over the routine use of ureteral 
dilation when ureteroscopy is performed. Studies have 
demonstrated that ureteral dilation does not improve stone- 
free results of ureteroscopy nor does it protect against com- 
plications.”*"' Furthermore, if ureteral dilation is avoided, 
ureteroscopy can potentially be performed without the 
necessity of postoperative ureteral stenting. Moneim and 
Khalaf”? demonstrated that after ureteral dilation, unstented 
ureters were more likely to develop distal ureteral stricture 
disease compared to stented ureters. Therefore, if ureteral 
dilation is necessary, temporary postoperative stenting 
should be performed. If ureteral dilation is necessary to 
pass the ureteroscope, it is our preference to avoid balloon 
dilation and to instead use sequential ureteral coaxial dila- 
tors up to 10-12 Fr. This practice ensures that the ureter 
will not be dilated greater than what is necessary to com- 
plete the procedure. Although it is not our practice, it should 
be mentioned that some urologists prefer to dilate the ure- 
teral orifice not to facilitate ureteroscope passage, but rather 
to allow for intact removal of larger distal ureteral calculi 
without fragmentation. 

Recent tip miniaturization of semirigid ureteroscopes has 
allowed for the development of a 4.9 Fr distal tip uretero- 
scope with a 3 Fr working channel from Richard Wolf (Ver- 
non Hills, Illinois, USA). Although data is limited, Gupta”? 
reported on 25 patients treated with the “mini” ureteroscope. 
None of the patients required ureteral dilation. The proce- 
dure was performed under local anesthetic only in 8 patients, 
and 15 patients did not require a postoperative stent. Stone 
clearance at 1 week was 100% in Gupta’s series. A ureteral 


safety guidewire was used in only three patients. Although 
the 4.9 Fr ureteroscope is not widely available to the general 
urologist, it is an excellent tool for use in the delicate 
ureter. 

For distal ureteroscopy we advise placement of a ureteral 
guidewire before performing ureteroscopy. The ureteral 
guidewire opens the ureteral orifice to allow easier passage 
of the ureteroscope. Furthermore, should a complication 
occur during the procedure, the guidewire can act as a safety 
wire, allowing for quick placement of a ureteral stent. Most 
ureteral injuries, with the exception of complete avulsion, 
can be managed with ureteral stenting and the procedure can 
then be performed successfully and safely at a later date.** In 
certain circumstances where the ureter is narrow over a short 
distance, a second guidewire can be placed through the 
lumen of the ureteroscope. With direct visualization, the ure- 
teroscope is slowly advanced over the wire to dilate the ure- 
ter and pass the narrowed area, at which point the second 
wire is removed. 

Although gravity flow is not contraindicated, to avoid 
stone retropulsion and high intrarenal pressures we advise 
hand irrigation with normal saline through one of the work- 
ing channels of the ureteroscope. If the stone can be removed 
intact, we prefer basket extraction; however, if the size of the 
stone does lend itself to easy extraction then Holmium: YAG 
laser lithotripsy is performed. All fragments larger than the 
safety wire (0.035 in.) are basket extracted, while the remain- 
der is allowed to pass spontaneously. If significant ureteral 
edema or manipulation occurred during the procedure, then 
a temporary ureteral stent is inserted over the safety wire at 
the end of the case. 


42.4 Upper/Proximal Ureteral Stones 


The 2007 ureteral calculi AUA/EUA guidelines support 
either SWL in situ or flexible ureteroscopy for proximal and 
mid-ureteral stones. Meta-analysis demonstrated superior 
stone-free results using SWL for stones less than 10 mm in 
size, while ureteroscopy was superior for stones greater than 
10 mm in size.” Outcome results of ureteroscopy for mid- 
ureteral calculi trended toward higher stone-free rates com- 
pared to SWL, but overall results were statistically similar. 
The overall stone-free rate for proximal ureteroscopy was 
81%, with little difference noted based on stone size; 80% 
for stones less than 10 mm in size; and 79% for stones greater 
than 10 mm in size. For mid-ureteral stones, the overall 
stone-free rate was 86%, but it was size dependant; 78% 
stone-free with stones greater than 10 mm in size; and 91% 
with stones less than 10 mm in size. Unfortunately, the stone- 
free rates in this study included both flexible and rigid uret- 
eroscopes to treat proximal- and mid-ureteral stones, and it is 
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likely that if the study focused solely on flexible ureteroscopy, 
stone-free rates would have exceeded 90%. Overall compli- 
cations for both mid- and proximal-ureteral stones treated 
with ureteroscopy were limited (Table 42.1). Based on these 
results, we prefer flexible ureteroscopy for most proximal- 
and mid-ureteral calculi. 

Currently available flexible ureteroscopes are easily 
accommodated by even unstented ureteral orifices and allow 
immediate access to ureteral calculi. There has been signifi- 
cant downsizing of the tip and mid-shaft diameter of the flex- 
ible ureteroscope such that the average tip diameter is 6.9-7.5 
Fr and mid-shaft diameter is 7.5—9.0 Fr,” making passage of 
the ureteroscope possible without dilation. The length of 
most available ureteroscopes range from 54 to 70 cm and 
have the ability to reach anywhere in the upper urinary tract.’ 
The deflection capability of most current ureteroscopes allow 
for active deflection up to 270° in one (Olympus P5) or both 
directions (Storz FlexX2, Wolf Viper). Although this degree 
of deflection is generally not necessary for ureteroscopy of 
ureteral calculi, it has been found that the degradation in 
maximal deflection with the insertion of instruments through 
the working channel is less pronounced with the dual-deflec- 
tion ureteroscopes* and this should be taken into account 
when choosing a ureteroscope. 

In an attempt to improve image quality of flexible uretero- 
scopes, digital instruments have been developed. Digital ure- 
teroscopes incorporate an optical chip — complementary 
metal oxide semiconductor (CMOS) or charge-coupled 
device (CCD) — at the tip of the scope. With this technology, 
internal optics are not required in the long shaft, which allows 
for stronger deflection cables to improve the durability of the 
instrument.” The camera is incorporated into the head of 
the scope, thus making digital ureteroscopes more lightweight 
and convenient. In 2006, Gyrus-ACMI (Southboro, Massa- 
chusetts, USA) introduced the DUR-D ureteroscope. This 
ureteroscope has a distal light-emitting diode (LED), as well 
as a CMOS. Several groups have published their experience 
with this device and all cite superior image quality compared 
to current flexible ureteroscopes.*”-”” 

Robotic ureteroscopic applications have been explored in 
an attempt to decrease the complex skill sets necessary to 
perform flexible ureteroscopy effectively and expeditiously. 
A master-slave control system has been utilized to perform 
robotic ureteroscopy in the porcine model.*™"! The procedure 
was successful and efficient in all cases. Robotic ureteros- 
copy has also expanded to human usage. Columbo and col- 
leagues” recently presented their series of laser lithotripsy of 
renal calculi using the robotic ureteroscopy technology; 
however, the general applicability of this procedure remains 
to be seen. 

For all flexible ureteroscopic cases performed in our 
practice, a ureteral guidewire is initially placed. We prefer a 
hybrid wire with a soft, lubricous tip and a kink-resistant 


body. The soft tip decreases the risk of ureteral perforation 
and allows for safe manipulation around the stone, while the 
strong body of the wire stabilizes and straightens the ureter. 
Examples of available wires of this type are the Sensor™ 
(Boston Scientific, Natick, MA) or the UroWIRE XF™ 
(Applied Medical, Rancho Santa Margarita, CA).® If there 
is difficulty in maneuvering the wire past the stone, a Glide- 
wire® (Boston Scientific) or Roadrunner® (Cook Medical, 
Bloomington, IN) may be necessary. The Glidewire® or 
Roadrunner® is a soft, lubricous wire that can more easily 
maneuver around obstructions. Once the wire is positioned 
in the kidney, a 5 Fr ureteral catheter is advanced over the 
wire and used to perform a gentle retrograde pyelogram 
and/or to exchange the Glidewire® for a more sturdy wire. 

Once the guidewire is in place, a ureteral access sheath is 
inserted over the wire. The access sheath facilitates the inser- 
tion and straight alignment of the ureteroscope in the upper 
urinary tract.'“** Kourambas and associates* reported a ran- 
domized controlled study comparing patients who under- 
went ureteroscopy with a 12-14 Fr ureteral access sheath 
and those who underwent ureteroscopy with no access 
sheath. They found a decrease in operating time and costs, as 
well as a simplification of ureteral reentry in those cases 
where the access sheath was utilized. The access sheath also 
allows efflux of irrigant out the distal end of the sheath, 
maintaining intrapelvic pressures below 20 cm of water 
despite irrigant fluid pressurized up to 200 cm of water.*° 
Multiple different access sheaths are available, ranging from 
10 to 16 Fr in diameter and 20-55 cm in length.“ The diam- 
eter is generally presented as two numbers (e.g., 10/12) that 
represent the range of the outer diameter of the access sheath. 
Most contemporary flexible ureteroscopes are compatible 
with all access sheaths with a diameter of 10/12 Fr or larger. 
The Cook Flexor™ (Cook, Bloomington, IN) has been rated 
superior to the Applied Access Forte XE™ (Applied Medi- 
cal) as well as the newer generation access sheaths with 
regard to buckling.“ #3 

A common criticism of the ureteral access sheath is inabil- 
ity to advance the sheath to the desired location; however, 
recent literature supports that the access sheath can success- 
fully be deployed for all but 5-7% of cases.***“” If there is 
difficulty advancing the access sheath, ureteral dilation with 
sequential ureteral dilators or balloon dilation can be utilized, 
or a ureteral stent can be placed to allow the ureter to pas- 
sively dilate and ureteroscopy is planned for a later date.“ 
Authors have also suggested the administration of 1 mg of 
glucagon intravenously to stimulate ureteral smooth muscle 
relaxation and subsequent placement of the access sheath.“ 
The administration of glucagon is controversial. When tested 
for the treatment of post-SWL ureteral colic in a randomized 
clinical controlled trial there was no apparent affect.°° Of 
note, glucagon should not be given to patients with diabetes 
mellitus as significant hyperglycemia can develop. If ultimately 
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the access sheath cannot be deployed, then ureteroscopy can 
be performed using two ureteral wires — one acting as a safety 
wire and the other used to facilitate ureteroscope insertion 
through the urethra and bladder — up the ureter to the desired 
location. 

Pressurized normal saline irrigation up to 300 mmHg 
facilitates visualization when performing flexible uretero- 
scope. Although various systems are available, we preferred 
1,000-3,000 ml standard pressure infusion bags. Pressurized 
irrigant has been found to be safe if a ureteral access sheath 
is in place“; however, if we are unable to place a ureteral 
access sheath, then we perform hand irrigation only. Once 
the stone is identified it should either be extracted or frag- 
mented using an intracorporeal lithotrite and then removed. 
After the stone has been successfully treated, the ureter 
should be inspected as the ureteroscope and access sheath 
are withdrawn to assess for ureteral injury or edema. If sig- 
nificant ureteral edema or manipulation has occurred, a post- 
ureteroscopy stent should be placed over the safety wire to 
prevent colic and obstruction. 


42.5 Stone Retrieval Devices 


Multiple different stone retrieval devices have been devel- 
oped. Retrieval devices should allow for visibility during 
stone manipulation, have enough radial force to open the 
ureter, and the ability to capture, retain, or disengage the 
stone.“ In general, there are two broad categories of devices: 
graspers and baskets. 

The alligator or rat tooth forceps is a grasper device not 
in common use for stone retrieval. The alligator forceps are 
used with an offset ureteroscope to allow for manipulation 
of the handle. Benefits of the alligator forceps is its revers- 
ible grasp and it is reusable, making it extremely cost-effec- 
tive. Its large size of 3 Fr or greater and weak grasp has 
limited the effectiveness and wide applicability of the alli- 
gator forceps for stone manipulation. Another device, the 
disposable three-pronged grasper has been advocated by 
some as safe and effective. The three-pronged grasper is 2.4 
Fr and flexible, thus producing minimal impact on uretero- 
scope deflection. The graspers also easily release the stone*!; 
however, care should be taken to insure urothelium is not 
grasped with the stone. 

Despite the benefits of the three-pronged graspers, the 
basket design has been found to be a more versatile and 
atraumatic stone retrieval device.**** There are three main 
types of basket design: helical, flatwire, and tipless nitinol. 

The helical basket contains cylindrical wires, each in the 
form of a helix. The larger the stone, the fewer number of 
wires are needed; and the smaller the stone, the more wires 


needed. Twisting of the basket is often needed to entrap 
the stone. The Dormia basket was once a popular general 
use helical basket, which is no longer manufactured. 
Currently, there are both stainless steel and nitinol helical 
baskets available. 

Flatwire baskets contain flat, ribbon-like wires in a three- 
to six-wire configuration. The flatwire basket can be opened 
to radially open it and entrap both small and large diameter 
stones. Examples of the flatwire devices are the Segura 
Hemisphere® (Boston Scientific) and Bagley Helical® 
(Microvasive, Boston Scientific). These baskets have excel- 
lent radial opening force so are useful in tight quarters, but 
are not intended to be rotated due to significant shearing 
forces. Furthermore, the tip of the basket can inadvertently 
produce urothelial damage. 

Tipless nitinol baskets are comprised of cylindrical wires 
that have memory, allowing the wires to conform to the shape 
of the ureter. The tipless feature minimizes trauma to the 
urothelium and papillae. Most endourologic companies make 
some form of the nitinol basket, and all of them are similar. 
In general, in vitro studies have shown the teardrop basket 
configuration and linear opening dynamics of the Cook 
NCircle™ 2.2 Fr (Cook Urological) basket best facilitates 
efficient stone capture.***° The Cook NCircle™ also demon- 
strated the most rapid target basket width compared to 12 
other baskets suggesting a more controlled view when open- 
ing.” The use of a 1.5 Fr ureteral basket is preferred in our 
practice when performing flexible ureteroscopy in order to 
increase irrigant flow and limit internal damage to the uret- 
eroscope. There are multiple available baskets of this size. 
The 1.5 Fr Sacred Heart Halo™ (Sacred Heart Medical, Min- 
netonka, MN) has a unique design in that it allows rotation of 
an engaged stone via a rotary wheel in the basket handle.** 
The smallest basket available is a 1.3 Fr basket recently 
introduced from Boston Scientific. 

More recently, the configuration of the nitinol basket has 
been manipulated in an attempt to increase efficiency and 
safety of stone basketing. The Cook NCompass™ (Cook 
Urological) is a 2.2 Fr basket that has a webbed configura- 
tion to capture stones as small as 1 mm in size. The Bard 
Dimension™ (Bard Urological, Covington, KY) has a 
deflectable four-wire teardrop configuration, which has been 
reported to provide a greater ease of stone capture and 
release.” The Escape Tipless Nitinol™ basket (Boston Sci- 
entific) is a 1.9 Fr basket that allows the insertion of a 
200 um holmium laser fiber to fragment the stone in the 
basket should it become lodged in the ureter. Boston Scien- 
tific has also evaluated a basket with a unique design of two 
nitinol arms fused at the apex. With significant axial force 
the apex of the basket will break apart. This feature is to 
prevent ureteral avulsion should the stone and basket become 
lodged in the ureter. 
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42.6 Intracorporeal Lithotrites 


Intracorporeal lithotripter devices have been effectively 
miniaturized to meet the improvements in ureteroscopic 
equipment. There are three categories of intracorporeal lith- 
otrites available for the treatment of ureteral stones: electro- 
hydraulic lithotripsy (EHL), ballistic lithotripsy, and laser 
lithotripsy. These can further be divided into flexible (laser 
lithotripsy and EHL) and rigid (ballistic). 

The EHL probe acts as an underwater spark plug with two 
electrodes of different voltage separated by insulation. Spark 
discharge causes a hydraulic shock wave and formation of 
cavitation bubbles.' The EHL probe works effectively in nor- 
mal saline solution,” and although the original probes were 
large, miniaturization of the probes to 1.6-5 Fr have allowed 
it to be used in flexible ureteroscopes without occluding the 
irrigation flow. A major disadvantage of the EHL is its pro- 
pensity for ureteral mucosa injury and perforation. It is theo- 
rized that perforation is secondary to cavitation forces and 
does not require contact of the probe with the mucosa*'; 
therefore, the risk of perforation is greatest with higher ener- 
gies.' The risk of perforation using the EHL probe ranges 
from 40% to 8.5%.'°° Another shortcoming of EHL is 
stone retropulsion, which is more pronounced than with 
Holmium: YAG lithotripsy.“ Although EHL is the least costly 
of all lithotrites,°~® it is capable of fragmenting 90% of 
stones” and is flexible. Unfortunately, the risk of perforation 
is not insignificant and therefore we do not use EHL for the 
treatment of ureteral stones in an effort to limit subsequent 
stricture formation. 

Ballistic lithotripsy relies on energy generated by the move- 
ment of a projectile that is in direct contact with the stone. 
Probes for the rigid ballistic lithotrites range from 0.8 to 
2.5 mm and there is a flexible nickel-titanium probe for the 
Swiss Lithoclast (Boston Scientific), which allows it to be 
used with a flexible ureteroscope.*” Stone fragmentation 
with the ballistic lithotrites has been reported to range from 
73% to 100% regardless of stone composition. The lower suc- 
cess rates have been reported when the device is inserted 
through a flexible or semirigid deflectable ureteroscope,**” as 
bending can affect its internal mechanical function. One major 
advantage of the ballistic devices is an extremely low risk of 
ureteral perforation compared with EHL and laser lithotripsy.”! 
In fact, the device can be placed directly on the urothelial 
without significant damage. The average risk of ureteral perfo- 
ration during ureteroscopic ballistic lithotripsy is less than 
1%.' Despite this benefit we limit the use of ballistic devices 
for ureteroscopy due to the high rate of stone retropulsion at 
2-17%.' Most failures to fragment stones with these devices 
are related to inability to trap the stone and subsequent retro- 
pulsion.” Furthermore, proximal stones have a higher rate of 
migration compared to distal stones. 


Today, laser lithotripsy is the ureteroscopic intracorporeal 
lithotrite preferred by mostendourologists. The Holmium: YAG 
laser is a 2140 nm laser that is highly absorbed by water. 
Since the majority of tissue is water the laser can cut and 
coagulate, as well as break stones of any composition. Fortu- 
nately, the depth of penetration is 0.5—1.0 mm and thus col- 
lateral damage is minimal.” Since the long pulse of the laser 
produces weak shock waves, stone fragments generated with 
the Holmium:YAG laser is primarily through photothermal 
mechanisms resulting in small fragments.!”*”* Teichman and 
colleagues” demonstrated that the Holmium: YAG laser pro- 
duced smaller stone fragments than other intracorporeal litho- 
trites. The Holmium:YAG laser can be delivered through 
flexible 100-360 microfibers making it ideal for ureteroscopy. 
Furthermore, because of the weak shock wave produced by 
the Holmium: YAG laser retropulsion is the least likely of all 
the intracorporeal lithotrite devices.”°’’ Clinical results from 
high volume centers demonstrate excellent stone-free rates of 
95-97% using the Holmium:YAG laser.” A major disad- 
vantage of the holmium laser is the initial high cost of the 
device and the cost of the laser fibers. Another theoretical side 
effect of the Holmium: YAG laser is the production of cyanide 
when uric acid stones are treated, which has been reported 
in vitro. However, no significant cyanide toxicity has been 
reported in the literature to date. ! 

In an attempt to produce a cost-effective alternative to the 
Holmium:YAG laser, the frequency doubled, double-pulse 
ND:YAG (FREDDY) laser (World of Medicine, Berlin, Ger- 
many) has been developed. Two pulses are generated: one pro- 
duces the bubble and the second heats it, resulting in a 
mechanical force.” The FREDDY has no tissue ablative prop- 
erties. In vitro testing has shown improved stone fragmentation 
of the FREDDY laser compared to Holmium: YAG.” However, 
clinical studies have demonstrated inferior results compared to 
Holmium:YAG standards.*°*' Another disadvantage to the 
FREDDY laser is that it cannot break cystine stones. Based on 
these limitations, the exact clinical role of the FREDDY laser 
remains to be seen; however, it may be a low cost second-line 
alternative to Holmium: YAG laser lithotripsy. 


42.7 Assistive Devices 


Proximal migration of stone fragments during ureteroscopy 
has been reported to occur in 40-50% of proximal ureteral 
stone cases and 5—10% of distal ureteral cases.°**? To prevent 
stone migration, different maneuvers have been utilized includ- 
ing reverse Trendelenberg position to optimize the effects of 
gravity. A variety of commercial devices have been introduced 
to prevent stone migration during intracorporeal lithotripsy in 
the ureter including backstops, stone cones, and gels. 
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Multiple commercially available backstop devices have 
been developed. The Cook NTrap™ is a currently available 
2.8 Fr backstop device. It is composed of 24 interwoven 
nitinol wires that are deployed behind the stone like a cap. 
The device has been shown to prevent migration of parti- 
cles as small as 1.5 mm in an ex-vivo model.*? The Lith- 
ocatch Parachute™ (Boston Scientific, Boston, MA) is a 12 
Fr balloon catheter that is placed over a wire behind the 
stone during lithotripsy.** The Percsys Accordion ™ (Per- 
cutaneous Systems Inc., Mountain View CA) is also 
deployed behind the stone and expands like an accordion to 
again prevent fragment migration. The Stone Cone™ (Bos- 
ton Scientific) has concentric coils that are positioned prox- 
imal to the stone to prevent fragment retropulsion.” 
Clinically, the Stone Cone™ has been shown to reduce the 
incidence of residual stone fragments of 3 mm or greater.® 
All these devices require that a wire be left in the ureter 
during the procedure. 

In an attempt to limit the need for a safety wire, gel occlu- 
sive devices have been explored. Ali and colleagues* sug- 
gested instillation of lubricating jelly proximal to the stone, 
which was found to decrease rates of stone migration clini- 
cally.” However, stone-free rates and operative times were 
not impacted by this maneuver. Mirabile and colleagues*® 
evaluated the feasibility of a thermosensitive polymer 
(UroJel, Fossa Medical, Boston, MA) in the porcine model. 
The gel is injected behind the stone where it solidifies. Once 
the stone is fractured, the gel can be dislodged. 

Stone retropulsion is mainly an issue associated with 
rigid/semirigid ureteroscopy. Due to the minimal retropul- 
sion produced during holmium laser lithotripsy, we do not 
routinely utilize the assistive devices during ureteroscopy. 
However, they are potentially of benefit if ballistic/pneumatic 
lithotripsy is utilized.** 


42.8 Complications of Ureteroscopy 


As modern ureteroscopes have become smaller and less trau- 
matic, as safer intracorporeal lithotripters have become 
widely available, and as a better understanding of the techni- 
cal principles of ureteroscopy has been developed, the num- 
ber of complications associated with ureteroscopy has 
decreased. Overall complication rates range from 1% to 
20%, with major complications reported from 0% to 6%.'** 
Fortunately, most complications secondary to ureteroscopy 
respond favorably to simple ureteral stenting. As noted in 
Table 42.1, the 2007 AUA/EUA ureteral guidelines noted 
that ureteral complications occurred in less than 10% of 
cases regardless of location of the ureteral stone.” 

Due to technologic advancements, the occurrence of ure- 
teral perforation is decreasing; however, they do still occur 


and are a significant risk factor for future stricture formation. 
Ureteral perforation is most highly associated with the EHL 
device and the Holmium:YAG laser and pneumatic litho- 
trite.' Schuster and colleagues™ also noted operative time as 
a significant risk factor for ureteral perforation in multivari- 
ate analysis. They further noted surgeon experience and 
stone location as risk factors for overall complications. The 
treatment of ureteral perforation consists of immediate ter- 
mination of the procedure, placement of a ureteral stent for 
2—4 weeks, and careful radiographic follow-up. 

Ureteral strictures occur secondary to ureteral trauma, 
stone impaction, iatrogenic injury, or retained stone frag- 
ments in the ureteral wall. Roberts and colleagues® noted 
that duration of stone impaction and ureteral perforation 
were significant risk factors for ureteral stricture formation. 
A Stricture rate of 24% was observed for stones impacted an 
average of 11 months, and four of the five patients who 
developed strictures experienced a ureteral perforation. If 
significant trauma occurs during ureteroscopy, placement of 
a ureteral stent for 4-6 weeks may prevent the development 
of a stricture.' If stricture occurs, they can potentially respond 
to incision and ureteral stent placement or balloon dilation 
with stent placement. !®? 

Stones inadvertently displaced into the wall of the ureter 
(i.e., submucosal stones or stone granuloma) pose a high risk 
of stricture formation. Removal of these stones is difficult as 
ureteral perforation with urinoma can occur resulting in 
intense fibrosis. If submucosal stones are encountered, laser 
excision followed by ureteral stent placement is recom- 
mended. If laser excision fails, then open resection of the 
ureter should be considered. Stones that have been lost out- 
side the collecting system are harmless and require no fur- 
ther intervention. If the stone is associated with infection, 
there is a potential for the development of a retroperitoneal 
abscess and, therefore, antibiotic therapy and close observation 
should be performed. 

The risk of infection with ureteroscopy is not trivial and 
may occur via one of two methods: introduction of external 
pathogens by means of instrumentation or manipulation of 
potentially infected urinary calculi, or foreign bodies in the 
urinary tract. Because of the potential for infection or the 
presence of infected stones, antibiotic prophylaxis is indi- 
cated”! Fever in the early postoperative period is common and 
occurs in 1.2-6.9% of cases.!>°*°? In most cases, the fever is 
thought to be secondary to chemically induced renal inflam- 
mation”; however, in one series where preoperative antiobi- 
otics were not routinely given, fever greater than 38°C 
occurred in 22% of patients, although infection was only doc- 
umented in 3.7%. Overall, the incidence of sepsis associated 
with ureteroscopy is low, with culture positive infections 
occurring in 1-4% of cases**** and sepsis in 0.3-2% 74" 
A lack of uniformity in the definition of sepsis may be the 
cause of the variability in reporting. 
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Ureteral avulsion is the most dreaded and severe 
complication of ureteroscopy. It occurs when aggressive stone 
removal occurs in the presence of ureter entrapped in the bas- 
ket or when excessively large stones are pulled through narrow 
areas of the ureter. Stoller and Wolf” reviewed 33 ureteros- 
copy series from 1984 to 1992 with more than 5,000 patients 
and noted a 0.3% incidence of ureteral avulsion. Grasso” 
reviewed three series from 1992 to 1998 with more than 1,000 
patients and found no ureteral avulsions. If avulsion occurs, 
open repair is generally required. It is not unreasonable to 
attempt realignment of the ureter by placing a stent over the 
safety wire if one is present; however, ureteral stricture forma- 
tion is often the result if continuity of the urothelium can be 
established. If no safety wire is in place or if the ureter is pulled 
out of the retroperitoneum (i.e., intussusception), immediate 
open repair is necessary. ' 


42.9 Conclusions 


Although it is a more invasive technique than SWL, ureteros- 
copy with small, rigid, or flexible ureteroscopes is the most 
efficient technique for treatment and removal of ureteral 
stones. Advancements in scope design, size, assistive devices, 
lithotrites, and stone retrieval baskets have improved the over- 
all safety profile of this procedure. Today ureteroscopy should 
be considered as a first-line treatment of ureteral calculi in 
patients desiring a single procedure with maximal efficacy. 
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Intrarenal Surgery for Renal Stones 
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Abstract Technologic advances over the past 3 decades have resulted in dramatic changes 
in the interventional management of kidney stones. Prudent application of minimally invasive 
surgical treatment modalities allows for the opportunity to achieve high stone-free rates with 
low morbidity and short recovery. Available modalities for the surgical management of kidney 
stones, including extracorporeal shock wave lithotripsy (ESWL), percutaneous renal surgery 
(PRS), and retrograde intrarenal ureterorenoscopic surgery (RIRS), obviate the need for open 
surgery in the vast majority of kidney stone patients. In this chapter, we review the differential 
indications when treating renal stones, and we review in detail the indications for and tech- 
niques of endoscopic RIRS. We discuss currently available stone fragmentation technology 
and examine in detail specific stone presentations, including stones of varying sizes located 
in any anatomic portion of the kidney (renal pelvis, superior versus inferior-pole calyces, 
calyceal diverticula). We also review the role of endoscopic retrograde surgical treatment for 
patients with anatomic abnormalities that include: fused/ectopic kidneys, allograft kidneys, 
prior upper urinary tract reconstruction, and body habitus abnormalities. 


43.1 Introduction (RIRS and PRS); only 1%—5% of patients with kidney stones 
will require treatment that involves an open surgical 
approach.*’ Thus, PRS or RIRS, sometimes in conjunction 
with ESWL, are minimally invasive surgical options for suc- 
cessful stone treatment in the majority of patients with more 
complex stones. Successful stone management hinges upon 
proper patient selection, acknowledging the limitations of 
the ESWL technology, and knowing the limits of one’s own 
endourologic expertise. This chapter includes a review of the 
differential indications of renal stone treatment with special 
consideration of the role and surgical technique of RIRS. 


Technologic advances over the past 3 decades have resulted 
in dramatic changes in the interventional management of 
kidney stones. Available modalities for the surgical man- 
agement of kidney stones, including extracorporeal shock 
wave lithotripsy (ESWL), percutaneous renal surgery (PRS), 
and retrograde intrarenal ureterorenoscopic surgery (RIRS), 
obviate the need for open surgery in the vast majority of 
kidney stone patients. The minimally invasive surgical treat- 
ment modalities allow for the opportunity to achieve high 
stone-free rates with reduced morbidity and shortened 
recovery. 

The introduction of ESWL in 1980 was a pivotal moment 
in the history of the surgical management of renal stones.'? 
ESWL is now utilized by surgeons all over the world and is 
a first-line treatment for approximately 70%-—80% of patients 
who have uncomplicated renal stone disease.** Approxi- 
mately 25% of patients are treated with endoscopic surgery 


43.2 Differential Indications for Renal Stone 
Treatments 


The four main factors to consider when selecting the appro- 
priate treatment for renal stones include stone burden, 
intrarenal and upper urinary tract anatomy (including 
patient body habitus), concomitant medical disease, and 
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Table 43.1 Differential indications for endoscopic treatment of kidney stones 


ESWL 
<2-2.5 cm 


RIRS 


Stone size (primary) <1.5-2 cm 


5 mm and less 
No stent 
Anesthesia free 
Normal anatomy 


Residual stones 


All size <1.5 cm 
<50 fragments 


Abnormal anatomy OK 


RIRS-SWL PCNL 

>1.5-2.5 cm >2.5 cm 

Occ. staghorn Staghorn stone 
1.5-2.5 cm All size >2.5 cm 


<50 fragments Any number fragments 


Normal anatomy Abnormal anatomy OK 


Composition Ca-ox. dihydrate All compositions All compositions All compositions 
Ca-ox. monohydrate 
Struvite 
Anatomy Normal Abnormal OK Normal Abnormal OK 
Urinary diversion OK Urinary diversion OK Urinary diversion OK 
Physiology Normal Abnormal OK Normal Abnormal OK 


Size < 1.5cm 


Size > 1.5 cm 


ESWL extracorporeal shockwave lithotripsy, RIRS retrograde intrarenal surgery, RIRS-SWL concomitant use of RIRS and SWL in the same 
treatment session, PCNL percutaneous nephrolithotripsy and stone removal, fragment stone piece <4 mm size 


of up to 2.5 cm are appropriate for initial treatment by 
ESWL alone, with an approximate 70% stone clearance 
rate (except inferior pole location greater than 1 cm).*? 
Larger stone size and lower pole stone location are associ- 
ated with lower stone-free rates when ESWL is used as 
monotherapy. In addition, with increasing stone burden, 
ESWL results in a larger amount of stone fragmentation 
product, and spontaneous passage may be complicated by 
ureteral obstruction, obstructive pyelonephritis, and a pro- 
longed period of stone passage. Thus, larger stones, lower 
pole stones, and stones within kidneys that have abnormal 
or anomalous anatomy are better treated with endoscopic 
surgery. Of the two endoscopic approaches (percutaneous 
antegrade versus retrograde), RIRS is the best choice for 
moderately complex stone conditions, while more complex 
stone conditions may be better served by a percutaneous 
antegrade approach (Table 43.1). 


43.3 The Evolution of Upper Tract 
Endoscopy and RIRS 


In 1912, Hugh Hampton Young was the first person to use a 
rigid cystoscope to endoscopically visualize the upper uri- 
nary tract of a patient with urinary tract dilation, secondary 
to posterior urethral valve obstruction.'° In 1962, McGovern 
performed the first flexible ureteroscopy, and it was not until 
the mid-1980s that a deflectable tip became available.'' The 
first rigid rod-lens system ureteroscopes were developed in 
the late 1960s and became more widely used in the 1970s.'” 
Fiber-optic technology eventually replaced the rod-lens system, 
and semirigid fiber-optic ureteroscopes became available in 
1989.1314 

In the late 1980s, RIRS was predominantly used in the 
management of retained stones after failed ESWL treatment. 


In general, two subsets of patients failed ESWL.'*'* One 
subset was those who were found to have stone fragments 
retained in the lower calyces. Retrieval of the fragments with 
stone baskets or graspers was necessary to render these 
patients stone free. Other early RIRS patients were those 
who had failed ESWL treatment of stone contained within a 
calyceal diverticulum. 

Technological refinements have resulted in smaller, yet 
sturdier instrument design, improvements in the working 
channel, greater degrees of active deflection, new energy 
sources, and improved stone retrieval devices. These 
improvements have allowed RIRS to evolve into what is now 
a routine diagnostic and/or therapeutic procedure for an 
increasing number of calculus-related and noncalculus- 
related conditions (i.e., stricture, tumor, bleeding) that occur 
within the upper urinary tract. 


43.4 Current Indications for RIRS 


As of 2009, the indications for primary RIRS at our institu- 
tion are listed in Table 43.2. For these indications, RIRS has 
become a well-accepted treatment because as a minimally 
invasive outpatient procedure its success rates are superior to 
ESWL and the perioperative morbidity is low. Therefore, 
RIRS is the authors’ primary choice for stone cases, where 
success with ESWL is doubtful and the stone burden and 
complexity too low to warrant the more invasive approach of 
PRS. This includes total stone burden of up to 2 cm at any 
location within the renal collecting system, especially when 
the stone composition is known to be calcium oxalate mono- 
hydrate (COMH), cystine, or uric acid (radiolucent). Stones 
in patients with nephrocalcinosis are also best addressed with 
RIRS, as are select patients with concomitant ureteropelvic 
junction (UPJ) or intrarenal stenosis. In patients with ureteral 
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Table 43.2 Indications for RIRS 


Table 43.3 Contraindications for RIRS 


Stone disease 

Failed E-SWL (solid stones < 1.5 cm, less than 50 particles) 

Solid primary stones (<1.5 cm; <2.5 cm for RIRS-SWL) 

Lower calyceal stones < 1.5 cm associated with anatomical and/or 
functional abnormalities of renal collecting system 

Radiolucent stones < 1.5 cm (after failed medical therapy) 

Concomitant ureteral and renal stones (when renal stone < 1 cm) 

UPJ stenosis and stones (<1 cm) 

Stones and intrarenal stenosis 

Stones in calyceal diverticuli (upper pole and mid renal calyces) 

Stones and nephrocalcinosis 

Stones and solitary kidney 

Stones and urinary diversion (conduit) 

Staghorn stones (rare, when ESWL and PCNL may not be techni- 
cally feasible or for RIRS-SWL) 

Morbidly obese patients with renal stones 

Patients with renal stones and coagulapathy 

Aviation pilots (need to be free of stones) 


stones and concomitant renal stones (<1.5 cm), both entities 
may be addressed during the same treatment session using the 
retrograde approach. Simultaneous RIRS and ESWL may be 
employed for larger stone burdens, especially when multiple 
intrarenal locations are involved (Table 43.2). 

Either a retrograde endoscopic approach or a percutaneous 
endoscopic approach may be utilized for patients who have 
anatomic alterations of the upper urinary tract that might hin- 
der spontaneous passage of fragmented stone material.* In this 
situation, the only role for ESWL is as an adjunct/auxiliary 
procedure. Flexible ureteroscopes allow for the performance 
of RIRS through a reconstructed urinary tract (i.e., after cys- 
tectomy). RIRS, likewise, is well-suited for treating conditions 
in patients with upper urinary tract anatomic abnormalities 
that include abnormal kidney position, multiple renal units, 
solitary kidney, kidney parenchyma abnormalities, and kidney 
outflow obstruction. RIRS is usually the best option in patients 
with coagulation abnormalities. In Table 43.2, these situations 
are listed along with specific examples. 


43.5 Preparation for Surgery 


43.5.1 Patient Preparation 


Patients must have sterile urine when RIRS occurs. Urine 
should be checked 10 days prior to the procedure, and 
patients with a positive culture should be treated with oral 
antibiotics, according to sensitivity results. In cases of doc- 
umented urinary tract infection (UTI) and obstruction, 
drainage of the obstructed segment should be performed by 
ureteral stent placement (preferably) or by percutaneous 


Infection of urinary tract: 
Absolute: Untreated urinary tract infection (UTI) 


e Treat according to C&S with antibiotics for 10 days 
e If obstruction — start antibiotic and manage obstruction with 
ureteral stent or PCN tube 


Caution: Infection stone or history of UTIs 
e Pretreat with broad spectrum Abx for 10 days even if culture 
negative 


Coagulopathy and anticoaglation 

Relative: Preferred management to correct coagulopathy if medically safe 

Relative: Untreated coagulopathy 

e Cautious treatment with direct contact laser (holmium, thulium) 

e Use access sheath to reduce bleeding (prostate, frequent passage 
up/down ureter) 


Table 43.4 Patient preparation for RIRS 


e Patient selection (see tables) and informed consent 
e Medical clearance for anesthesia and optimization of comorbidity 
e Sterile urine (negative C&S) 
— Preoperative po antibiotics, if positive C&S or history of UTIs 
IV hydration (>100 cc/h) 
e IV perioperative antibiotics 
(e.g., Ampicillin + Gentamycin) 
e KUB (for stones <1 cm to r/o spontaneous passage) 
e General anesthesia (regional, IV sedation, or local) 


nephrostomy tube placement (Table 43.3). For those who 
require pretreatment, it is recommended that the urine be 
rechecked 3 days prior to RIRS, to ensure eradication of the 
infection. Appropriate imaging studies may include plain 
radiographs (i.e., kidneys, ureter, bladder [KUB]) and intra- 
venous urography (IVU) studies or computed tomography 
(CT). CT urography has become prevalent at many centers 
(Table 43.4). Goals of imaging are to assess stone burden, 
and to appreciate upper urinary tract architecture. In situa- 
tions where the stone condition is complex, it is appropriate 
to consent the patient for PRS, thus, allowing for intraop- 
erative conversion at the surgeon’s discretion. 


43.5.2 Anesthesia 


RIRS is commonly performed under either regional or gen- 
eral anesthesia. General anesthesia is usually preferred, and 
all patients should be prepared for the possibility (formal 
preoperative clearance and restricted diet 8 h prior to the 
procedure). Deep muscle relaxation may be helpful to mini- 
mize kidney mobility, especially when a combination treat- 
ment with ESWLis to be performed with a second-generation 
lithotripter (smaller focal area). Rendering a patient stone- 
free, in most instances, requires multiple passes through the 
ureter, and this can be uncomfortable for the patient and 
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may require longer operative time. General mask anesthesia, 
regional anesthesia, or intravenous (IV) sedation are appro- 
priate for a less-complex case. In the willing patient, local 
anesthesia with a topical anesthetic applied to the urethra 
should suffice for any diagnostic procedure and small-volume 
intrarenal pathology. 


43.5.3 Equipment and Instruments 


The components for RIRS include: a basic cystoscopy set, 
flexible ureterorenoscopes, flexible accessories for stone 
fragmentation and retrieval, suction pump, laser lithotripsy 
energy source, and fluoroscopy equipment (Fig. 43.la—d). 
Ideal is an endoscopic table with lithotripsy capability. A 
video camera system is optional. If a laser energy source is 
not available (Holmium, Thulium), an electrohydraulic litho- 
tripsy (EHL) device and/or the flexible probes of the pneu- 
matic lithotrite can be utilized. Use of the latter will limit 
access to: ureter, renal pelvis, upper pole calyces, and occa- 
sionally mid-renal calyces. Currently available flexible ure- 
terorenoscopes feature a small outer diameter (6.9-7.9 F), 
working channels of 3.6 F, and deflecting capabilities of 180° 
(primary) or 270° (secondary). Retrograde stone manipula- 
tion and extraction requires flexible accessories that may 


Fig. 43.1 Equipment for RIRS. (a) Basic cystoscopy set with 5 F 
straight angiographic catheter and 0.038 floppy-tip Bentson guidewire. 
(b) 9.5 F semirigid, fiberoptic ureteroscope; used for “optical dilation” 


include: 2 F two- and three-pronged graspers and various 
flexible baskets (2-3 F). Accessories for stone fragmentation 
include 200-400 um laser fibers, 1.6 F electrohydraulic 
probes, and 1.9 F flexible pneumatic probes. Optional acces- 
sories include hydrophilic guidewires and ureteral dilators 
and access sheaths (10-16 F) (Tables 43.1 and 43.5). 

Because of the high purchase and maintenance costs asso- 
ciated with flexible ureterorenoscopes, it is imperative that 
the scopes are handled with caution, both during surgery as 
well as off the field for cleaning and sterilization. According 
to a survey of several scope manufacturers, 50% of the dam- 
age to scopes occurs on the field and 50% during the cleaning 
process.'° Appropriate handling during cleaning and steriliza- 
tion will prolong the lifespan of these delicate scopes. During 
surgery, 60% of instrument damage is due to mishandling of 
laser fibers; thus, the surgeon must exercise caution when 
handling and deploying accessories through the working 
channel. The tip of the laser fiber is sharp and should only be 
advanced when the distal end of the scope is straight. If scope 
deflection is required to access a stone, the fiber should first 
be advanced until it is seen in the field and then pulled back to 
the edge of the work channel. Then, the turn into the calyx 
can be performed and the fiber subsequently advanced to con- 
nect with the stone. The same maneuver is recommended for 
other accessories, such as baskets or graspers. 


to prepare upper tract to accept flexible ureterorenoscope for RIRS. 
(c) 7.5 F flexible, actively deflectable ureterorenoscope, showing 
(d) 270° deflection for access to lower pole 
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Table 43.5 Essential procedural steps of retrograde intrarenal surgery (RIRS) 


Steps Goal 


1 Evaluate bladder 
Assess upper tract anatomy 
for treatment planning 
Place safety guidewire 


2 Establish access to kidney 
3 Treat stone 
4A Treat stone (special situations) 


Larger stone 


4B Treat stone (special situations) 
Lower calyx stone 


4C Treat stone (special situations) 
Intrarenal stricture 


5 Safe exit from upper tract 


Execution 


Cystoscopy 
Retrograde pyelogram under 
fluoroscopic control 


Optical dilation of ureter 


Stone fragmentation and stone retrieval 


Combine RIRS with ESWL 


Relocation technique (possible 
combination with ESWL) 


Identify access to stone 
Dilate/incise access to stone 
Fragment/remove stone 


Place indwelling ureteral drainage 
stent over safety wire 


Equipment used 


Fluoroscopy X-ray table 
19-21 F cystoscope 


5 F straight angiocatheter 
0.038 Bentson guidewire 


9.5 F semirigid ureteroscope 
Second guidewire 


Holmium/thulium laser 
Stone baskets/graspers 
Access sheath 


Combination ESWL/fluoro X-ray table 


Holmium/thulium laser 

Basket (“naked basket”) 
Holmium/thulium laser (possible 
ESWL combo) 

Hydrophilic guidewire 

Zero tip balloon dilator 

Zero tip nitinol basket 


6/7 F ureteral double pigtail stent 


43.5.4 Procedure Considerations 


If the patient was treated for a UTI, confirm the sterility of 
the urine. Just prior to urinary tract instrumentation, a broad- 
spectrum antibiotic should be administered intravenously. 
As reflux of infected urine into the renal parenchyma and 
vasculature may result in serious septic complications, pre- 
cautions should be taken to minimize this risk by keeping 
intrarenal pressures low. Once a safety wire is placed, forced 
diuresis with IV fluids and diuretic administration (furo- 
semide, 10-20 mg) will produce increased flow and will thus 
decrease the chance of pyelorenal reflux. Additional mea- 
sures at reducing infection risk are keeping a low intrarenal 
pressure environment through using irrigation prudently 
(gravity only, no pressurized irrigation), intermittent aspira- 
tion (three way system), and the use of an access sheath 
(especially for cases of longer duration) (Fig. 43.2a, b). 


43.6 Upper Urinary Tract Access for RIRS 


43.6.1 Technique 


When possible, the patient should be positioned in low litho- 
tomy. If lithotomy is not a feasible position (leg amputation, 
frozen hip, morbid obesity), RIRS can be performed when 
the patient is supine. If RIRS is to be part of a combined PRS 


procedure, the patient may be positioned prone. Initially, 
cystoscopy and a retrograde pyeloureterogram is performed 
for anatomic assessment. Next, a safety wire is placed into 
the kidney in a retrograde fashion under fluoroscopic con- 
trol. This is to remain in place for the duration of the proce- 
dure, especially when repeat retrograde access to the kidney 
is necessary (i.e., basket removal of stone fragments). If a 
ureteral access sheath is utilized, the safety wire remains out- 
side the access sheath. The role of the retrograde approach in 
the combination treatment of RIRS and PRS is to provide 
access to intrarenal areas that cannot be properly reached 
through the percutaneous access, such as certain upper- and 
mid-renal calyces. RIRS is utilized to fragment stone and 
reposition larger stone pieces from those calyces into the 
renal pelvis from where they can be readily retrieved via the 
PRS access (Table 43.5). 


43.6.2 Upper Urinary Tract Dilation 


Access to the kidney for diagnostic evaluation is usually fea- 
sible using a 7.5 F flexible instrument without prior/concur- 
rent dilation. However, repeat access to the kidney and retrieval 
of stone particles will usually require some sort of upper tract 
preparation. Options include serial dilators, coaxial dilators, 
balloon dilators, “optical dilation,” or the preparatory place- 
ment of an indwelling ureteral stent. An indwelling ureteral 
stent results in passive ureteral dilation that greatly facilitates 


G.S. Rosenblatt and G.J. Fuchs 


AÑ 


Irrigation ‘ 
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Fig. 43.2 (a) Three-way stop cock allowing for irrigation and inter- 
mittent suction to keep intrarenal pressure low and provide good visibil- 
ity. (b) Suction pump allowing for graded suction (alternatively wall 
suction can be used) 


upper ureteral and intrarenal access, and this technique was 
routinely used in the early years of RIRS, when 10.4 F ureter- 
orenoscopes were used. Since the downsizing of flexible 
scopes (currently, 6.9-7.9 F), RIRS is usually performed as a 
one-stage procedure, and the authors’ first choice is “optical 
dilation,” using a semirigid 9.5 F ureteroscope—a technique 
that is both efficient and cost-effective. The 9.5 F ureteroscope 
is introduced into the ureteral orifice over a second guidewire 
and advanced up the ureter as far as it can reach, thus dilating 
the ureteral orifice and distal two-thirds of the ureter. This 
approach allows access to the kidney in greater than 85% of 
cases in a one-stage procedure.’ When access is not feasible in 
this fashion, an indwelling ureteral stent should be placed. 
Passive distention of the entire ureter will ensue over the fol- 
lowing days, and intrarenal surgery can usually be performed 
as early as 7 days later. Other means of active dilation carry 
greater potential for ureteral damage and subsequent stricture 
formation, especially when multiple ureteral segments require 
dilation in order to gain access to the kidney. 


43.7 Flexible Ureterorenoscopy: Technique 


Commonly, a 7.5 F actively deflecting ureterorenoscope is 
used during RIRS. The instrument is introduced into the 
(empty) bladder and advanced under direct vision alongside a 
safety wire. Occasionally, we will utilize a second 0.038 in. 
“working” guidewire to facilitate access to the upper urinary 
tract (such as in male patients with enlarged prostates). Dilute 
contrast injection via the scope’s working channel should be 
used to delineate ureteral and intrarenal anatomy. Risk of 
infectious and septic complications is minimized by forced 
diuresis (see previous section), frequent aspiration of fluid 
from the collecting system, and minimal (as needed) use of 
irrigant, in an effort to keep intrarenal pressure as low as pos- 
sible.* We advise against the routine use of pressurized irrigant 
or forceful hand irrigation. Gravity irrigation at 60 cm H,O 
and intermittent aspiration of fluid and/or vapor (holmium 
lithotripsy) is usually sufficient to allow for intraoperative vis- 
ibility. We utilize a 3-way connector that allows for rapid 
switching between irrigation and suction (Fig. 43.2a). This 
method of intrarenal fluid volume exchange facilitates the 
maintenance of low intrarenal pressures. An additional method 
for improving visibility and decreasing intrarenal pressure is 
to use a ureteral access sheath.”'! If adequate visibility cannot 
be achieved, there is a higher risk for damage to the renal col- 
lecting system secondary to unmonitored activation of energy 
sources. In this situation, we recommend termination of the 
procedure with placement of an indwelling ureteral stent and 
subsequent return in 7—10 days (Table 43.5). 


43.8 Retrograde Intrarenal Surgery (RIRS) 


43.8.1 Stone Fragmentation: Electrohydraulic 
and Laser Technology 


Electrohydraulic lithotripsy (EHL) was the first technique 
that was utilized for intracorporeal lithotripsy, and is still 
employed for RIRS when laser technology is not avail- 
able.'’ A complete review of EHL technology is beyond the 
scope and aim of this chapter. In brief, EHL works by spark 
discharge from parallel electrodes that comprise the EHL 
probe. A hydraulic shockwave develops from vaporized 
water around the electrode, and this causes a cavitation 
bubble to form. Cavitation-bubble collapse results in a sec- 
ondary shockwave and/or high-velocity microjets, both of 
which result in stone fragmentation when the stone is posi- 
tioned appropriately close to the location of the generated 
shockwave. In most centers around the world, EHL has 
been replaced by newer holmium laser technology, as EHL 
carries a higher risk of upper urinary tract mucosal injury. 
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Cavitation bubble diameter is controlled by the amount of 
energy used, but even low energy levels have been associ- 
ated with ureteral perforation.'* However, intrarenal EHL is 
still used in a number of countries where the expensive 
laser technology is not available as yet. 

The holmium: YAG laser and, more recently, the thulium 
laser were developed, allowing for fragmentation as well as 
vaporization of stone material via a photothermal mecha- 
nism. Compared to EHL, the cavitation bubble produced by 
the holmium: YAG is elongated, resulting in a weaker shock- 
wave. Thermal injury can occur up to 1 mm from the end of 
the holmium laser fiber, and thus, this is a safer method of 
achieving stone fragmentation. The holmium and thulium 
lasers can be used to fragment stones of any composition, 
whereas EHL may fail with more resistant stone composi- 
tions such as COMH and cystine. 

Stones and stone fragments less than 4 mm size can usu- 
ally be removed intact, whereas solid stones larger than 4 mm 
are fragmented first. Holmium laser energy is the authors’ 
first choice for stone fragmentation. Stones of all composition 
can be fragmented and vaporized using holmium energy. 
Typically, the 200 um fiber is used for ureteral and/or intrare- 
nal stones. The basic energy setting is 0.6 J and 5 Hz (3 W) 
repetition rate and can be increased for larger or impacted 
stones. For large, bulky stones, we typically work at a higher 
energy settings up to 20 W (2 J and 10 Hz), and we decrease 
the energy down to 3 W (0.6 J and 5 Hz) as the stones are 
reduced in size/weight and for the final division of the smaller 
fragments. With the lower energy setting, the kinetic impact 
of the laser is reduced so that the smaller stones can be trapped 
against the mucosa for further disintegration and are not simply 
bouncing around without being fragmented. 


43.8.2 Stone Composition 


Holmium energy is the authors’ first choice for treatment of 
intrarenal stones because of its ability to fragment and vapor- 
ize stones of all composition safely and efficiently. Stone com- 
positions include (from least-to-greatest amount of required 
energy for fragmentation): uric acid, struvite, calcium oxalate 
dehydrate, calcium oxalate monohydrate, and cystine. Stones 
that are resistant to ESWL and/or EHL technology may con- 
tain a higher amount of calcium oxalate monohydrate or cys- 
tine, both of which are reliably treated using holmium energy. 
The same holds true for the newer thulium energy. 


43.8.3 Renal Pelvis Stones 


The endpoint of treatment is the reduction of all stone to frag- 
ments less than 4 mm. Fragments between 2—4 mm should be 


actively removed with the use of a stone basket. Fragments 
less than 2 mm may be left to pass spontaneously if they are 
in a nondependent portion of the kidney. We use a four-wire 
nitinol tipless basket for the majority of stone fragment 
retrieval (Cook Medical; Microvasive, Boston Scientific). 
The newer design of this basket allows for retrieval maneu- 
vers even in small calyces. A ureteral access sheath allows for 
rapid repeated access to the kidney, and this is helpful when 
removing a large amount of fragments and gravel." 

For total stone burden less than 1.5 cm, RIRS monother- 
apy is generally our choice treatment, and is usually com- 
pleted in a single outpatient session. Some of these stones 
may be amenable to ESWL monotherapy (stone composi- 
tion known as CODH), but stone-free rates are higher when 
holmium laser and basket retrieval are employed. RIRS pro- 
vides that advantage of a more predictable treatment out- 
come. As total stone burden increases, the chance of 
rendering a patient stone-free in a single session diminishes. 
When a patient’s total stone burden is between 1.5 and 
2.5 cm, concomitant use of ESWL can facilitate stone frag- 
mentation. If the ureter is tight (too tight for optical dilation 
with the 9.5 F semirigid ureteroscope), consideration may 
be given to either percutaneous antegrade approach or pre- 
operative stenting. Stone burden greater than 2.5 cm (i.e., 
staghorn stones) can be treated in select cases by combined 
RIRS/ESWL or by PRS. PRS should be employed for most 
complete, bulky staghorn stones, when progress is slow due 
to unfavorable renal anatomy or by a tight ureter that pre- 
vents expeditious retrieval of gravel or when the expectation 
is that a patient should be stone-free after one surgical ses- 
sion. If RIRS is used, the expectation is that more than one 
surgical session will be required to render a patient stone- 
free. The goal of the initial session is to divide the stone into 
fragments that are 4 mm or less and extract fragments using 
a basket retrieval device. A stent should be placed to allow 
for spontaneous passage of residual stone gravel. The patient 
is then scheduled for reevaluation 1—2 weeks later and—if 
deemed necessary—scheduled for a repeat surgery to clear 
the remaining fragments. 

In select situations, we have employed simultaneous right 
and left RIRS for patients with bilateral stone burden. This 
will require two surgeons, two flexible ureterorenoscopes, and 
two laser sources. For patients with multiple medical comor- 
bidities and in whom anesthesia time should be minimized, 
such an approach will allow for surgery to be performed in a 
shorter period of time. 

Stone burden directly correlates to treatment time. Greater 
stone size may make the retrograde approach cumbersome 
and potentially traumatic. Prudence and experience should 
dictate how far to push the retrograde approach. At the con- 
clusion of any RIRS procedure, a 7 F indwelling ureteral 
stent of appropriate length should be placed. The patient is 
typically discharged the same day of surgery. When we do 
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not anticipate further surgery sessions in order to render a 
patient stone free, we schedule an outpatient visit approxi- 
mately 5—10 days later, at which time renal ultrasound is per- 
formed to confirm the absence of large stone fragments or 
hydronephrosis, and the stent is removed using a flexible 
cystoscope under local anesthesia in the office setting. If sig- 
nificant hydronephrosis is noted, a KUB film is obtained to 
assess for any stone residual in the ureter that may need more 
time to pass or require a second look procedure. 


43.8.4 Calyceal Stones 


Stones within mid-kidney and superior pole calyces have a 
higher chance of unhindered passage of gravel after stone 
fragmentation, and ESWL monotherapy may be successful 
for treating stones in these positions. Although more invasive 
than ESWL, we offer patients the choice of RIRS in this set- 
ting, as this technique allows for a more predictable stone- 
free outcome. Stones within inferior pole calyces—especially 
when the stone burden is greater than 8 mm—typically will 
not clear well after ESWL therapy, and we, therefore, prefer 
a retrograde approach for stones up to 1.5 cm size. A 200 um 
laser fiber will rarely inhibit deflection necessary for access- 
ing the lower pole (Fig. 43.3a—f). In the interest of reducing 
stress to the scope by strenuous deflection and prolonged 
laser activation with the scope tip deflected, we employ the 
repositioning technique for lower pole stones. As soon as the 
stone is fragmented sufficiently to allow for entrapment in a 
basket, we grasp the stone, reposition it into the pelvis or 
upper pole location where it can be fragmented to comple- 
tion with the scope being kept straight or nearly straight. If 
the lower pole stone cannot be reached with the laser fiber, 
simultaneous use of ESWL may be helpful to initiate break- 
age and then use the repositioning technique, as described 
previously (Fig. 43.4). Larger stones in the inferior-pole 
calyces are best treated by PRS (Table 43.6). 


43.8.5 Stones Associated with Intrarenal 
Stenosis and Calyceal Diverticula 


A special situation exists when patients have stone within a 
calyceal diverticulum. The stone-free rate after ESWL 
ranges from 4%-25%.'°*! Percutaneous surgery, on the 
other hand, has a success rate greater than 90%. Lingeman 
reported on 26 patients initially treated with ESWL, and 10 
of those (38%) went on to require PRS.” We have used 
RIRS in selected patients for more than 20 years.* Selected 
patients include those with diverticula located in either a 
superior pole or mid-kidney position. A retrograde pyelogram 


at the time of surgery will usually delineate the upper tract 
anatomy. If there remains question as to the anatomy, endo- 
scopic inspection of the renal collecting system can be 
performed. 

Upper urinary tract access should be established in the 
manner we described earlier, with special care to avoid 
advancing the guidewire into the kidney prior to endoscopic 
evaluation of the collecting system (to avoid mucosal trauma 
that can inhibit proper identification of the narrowed 
infundibulum or neck of diverticulum). The point of interest 
may be as subtle as a small dimple in the mucosal surface. 
Once the opening is endoscopically identified, a guidewire is 
coiled (under fluoroscopic guidance) within the diverticu- 
lum. If the guidewire cannot be maneuvered through the 
opening, a hydrophilic glide wire should be tried. Once wire 
access is established, the scope is removed and a 5-F straight 
angiocatheter is passed over the wire and through the narrow 
segment. At this point, retrograde injection of diluted con- 
trast may provide additional information on the anatomy of 
the collecting system proximal to the narrowed segment 
(Fig. 43.5a—d). 

The technique for reconstructing the narrow segment will 
depend on the segment length and whether or not secure wire 
access to the cavity can be maintained. If the infundibulum is 
short (<0.5 cm), the obstruction may be negotiated by 
advancing the 7.5 F scope over a second guidewire and 
thereby dilate the access. Laser incision can be performed if 
the access is not sufficiently wide, provided the diverticulum 
can be accessed with the scope. Longer segments (>0.5 cm) 
are best managed first by formal dilation with a zero tip 3-F 
balloon. This should be advanced over the guidewire and 
inflated to 14 F under fluoroscopic control. If necessary, we 
will then utilize the holmium laser (energy of 10 W) to incise 
and sufficiently open the lumen. The incision is directed in 
the anatomic posterior direction so as to avoid the vascularity 
of the anterior aspect of the infundibulum. 

Occasionally, the diverticulum will protrude into the col- 
lecting system, and the access point is not identifiable. Laser 
incision (holmium 10 W) is appropriate for marsupializing 
such a visually identifiable cavity into the collecting system. 
In cases where the cavity fills with contrast but the access 
point is not readily identified endoscopically, methylene blue 
can be injected retrograde (via the work channel of the flexi- 
ble ureterorenoscope). Similar to the contrast, the methylene 
blue will find its way into the cavity. The collecting system is 
then washed clear of the blue dye, and under low-pressure 
conditions a trickle of blue will emanate from the cavity, 
thereby helping to identify the neck of the cavity. Access can 
then be gained using one of the aforementioned techniques. 

Once access is gained, a stone may be retrieved by basket 
(stones less than 4 mm) or fragmented (stones greater 
than 4 mm). For larger or multiple stones, ESWL can be 
performed under the same anesthesia to accelerate and 
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Fig. 43.3 (a) RIRS — repositioning technique for lower caliceal stone. 
(b) Contrast injection delineates renal collecting system. Stone is 
accessed in the lower pole and captured in zero tip Nitinol basket. 
(c) Stone retrieved from lower calyx for repositioning. (d) Ureteroscope 


complete fragmentation (see earlier section). The endpoint 
of treatment is complete removal of all stone from the diver- 
ticulum/cavity and the “repair” of the narrow segment. Place- 
ment of an indwelling stent, preferably with the proximal 
tip inside the target calyx, is the final step of the procedure. 
A review of 96 patients with calyceal diverticula (treated 
over 10 years) found that the calyceal neck could be identi- 
fied and dilated in 91 (95%).”* Seven of the 96 patients had 
lower pole diverticula, and 4 of these patients could not be 


with stone in basket straightened out to be advanced into upper pole 
calyx, (e) where it is released for laser fragmentation and basket retrieval 
of gravel. (f) Well-fragmented stone fragments are removed with the 
zero tip Nitinol basket 


treated with RIRS. If stones in inferior pole diverticula cannot 
be successfully treated with RIRS, percutaneous surgery is 
performed under the same anesthesia. 

In summary, ESWL monotherapy carries a low success 
rate, and PRS—although highly successful—is quite inva- 
sive. Our primary approach to stones that form within calyceal 
diverticula consists, therefore, of retrograde access with endo- 
scopic intrarenal correction of the outflow alteration, followed 
by holmium laser lithotripsy + ESWL. This is best achieved 
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Fig. 43.4 Lower caliceal stone cannot be engaged in basket and can- 
not be readily accessed with ureterorenoscope for laser fragmentation 
(long caliceal neck, medial location). Therefore, E-SWL is employed 
(stone in center of cross hairs) for initial fragmentation. Then, stone 
fragments are repositioned for further laser fragmentation and active 
basket removal (see Fig. 43.3) 


Table 43.6 Treatment algorithm for lower calyceal stones 


SWL RIRS PCNL 
Stone size <1.5 cm <1.5 cm >1.5 cm 
(primary) Need to be Need to be 
stone free stone free 
Composition Ca-ox. All All 
dihydrate compositions compositions 
Struvite 
Anatomy Normal Abnormal Abnormal 
Urinary Urinary 
diversion diversion 
Size < 1.5 cm Size > 1.5 cm 
Physiology Normal Abnormal Abnormal 
Size < 1.5 cm Size > 1.5 cm 
Residual stones 5 mm and All size Abnormal 
(secondary) less <1.5cm anatomy 
No stent <10 fragments All size >1.5 cm 
Anesthesia Abnormal 
free anatomy 


when the diverticulum is in a superior pole or mid-kidney 
location. A percutaneous surgical approach is utilized when 
RIRS treatment cannot be accomplished. This typically 
includes diverticula that have a long narrow segment (>1.5 
cm), those located in a dependent location relative to the 
infundibulum, or those that are located in the inferior pole of 
the kidney.”**? In these situations, given the higher failure 
rate of RIRS, one can consider primary percutaneous surgery. 
On occasion, a diverticulum with a large stone burden, espe- 
cially when located on the anterior aspect of the kidney can be 
best managed with the laparoscopic approach. 


43.9 Anatomical Abnormalities 


43.9.1 Solitary Kidney 


ESWL or RIRS may be employed; however, RIRS provides 
amore reliable outcome, as the goal is to render a patient free 
of all stone. If ESWL monotherapy is used, regular, frequent 
evaluation in the postprocedure setting is essential. The treat- 
ment of stones in a solitary kidney is tailored to reduce the 
risk of renal damage and ureteral obstruction. Renal ultra- 
sound or abdominal radiography should be obtained at close 
intervals when a patient with a solitary kidney is being moni- 
tored for spontaneous stone passage (stones < 5 mm). The 
patient should be instructed to pay close attention to their 
urine output and volume and to report to the urologist if olig- 
uria or anuria occurs, even if he/she is otherwise asymptom- 
atic. Stone burden larger than 2 cm is best treated by PRS. If 
the risk of performing percutaneous surgery is too high (i.e., 
due to patient comorbidities), RIRS is the next-best alterna- 
tive for larger stones. Overall, the risk attendant to multiple 
sessions with RIRS for larger stones in solitary kidneys is 
less than the risk of PRS. 


43.9.2 Pelvic Kidney 


When treating stones in a pelvic kidney, technical issues 
include: coupling the shock wave energy reliably on the 
stone with minimal absorption by bony structures and 
positioning the patient in such a way to allow for fluoro- 
scopic stone localization and assessment of fragmentation. 
Prone patient position may be required to allow shock 
waves to treat the stone without attenuation by bony struc- 
tures. These problems limit application and success of 
ESWL. RIRS, on the other hand, can be performed in the 
usual fashion. 


43.9.3 Transplant Kidney 


Kidney stones in a transplanted kidney are a special form 
of the solitary kidney scenario. Similar to the pelvic kid- 
ney situation, application of ESWL is technically more 
difficult due to the ectopic kidney location. Also, since the 
transplanted kidney is devoid of sensory innervation, pain 
from ureteral obstruction and hydronephrosis will not alert 
the patient to the potentially deleterious result of prolonged 
obstruction, and as such mandates closer monitoring of 
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Fig. 43.5 (a) 7 mm stone in upper pole caliceal diverticulum in 
transplanted kidney; the semirigid ureteroscope cannot reach the 
stone bearing calyx. (b) With the flexible ureterorenoscope the stone 
bearing calyx can be identified and accessed. (c) A 14-F zero tip balloon 


these patients. Keeping in mind that retrograde access to 
the ureteral anastomosis can be technically challenging, 
our approach to treatment of stones in an allograft kidney 
is as follows. ESWL may be employed for stones 1 cm or 
smaller, when there is no associated anatomic abnormality 
and the stone can be properly localized. To avoid the sce- 
nario of having to place a ureteral stent into a transplanted 
ureter in order to relieve an obstructive complication, an 
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dilator is in place for dilation of the narrow access to the stone bearing 
calyx. (d) After dilation of the caliceal neck the stone is fragmented 
with holmium laser and the fragments removed actively with a zero 
tip basket 


indwelling ureteral stent is placed proactively at the time 
of surgery. RIRS is the treatment of choice for stones 
smaller than 1.5 cm. (Fig. 43.5). Even larger stones can be 
managed in this fashion, albeit with the need for multiple 
treatment sessions. Very large (staghorn) stones are best 
approached with percutaneous surgery while a large renal 
pelvic stone (>2.5 cm) may be treated with a laparoscopic 
pyelolithotomy.”* 
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43.9.4 Fused/Ectopic Kidney 


Crossed renal ectopia is an unusual congenital anomaly. 
The degree of anatomical abnormality varies, but any degree 
of malrotation can predispose to stone formation due to 
inefficient drainage of the collecting system. Knowledge of 
the upper urinary tract anatomy and functionality should be 
obtained by preoperative imaging with CT or magnetic res- 
onance imaging (MRI) + radionucleotide scan. Horseshoe 
kidneys represent the most common fused kidney scenario 
and stones are frequently encountered. Results with ESWL, 
RIRS, and PRS have been reported, with ESWL achieving 
the lowest stone-free rate (53% overall) and PRS achieving 
the highest overall stone-free rate. RIRS may be more tech- 
nically challenging, as the ectopic kidney location may lead 
to altered anatomic relationships (1.e., relative UPJ obstruc- 
tion, tortuous ureter, long infundibulum leading to the lower 
pole calyces). Basically, the RIRS technique for upper uri- 
nary tract access is the same as for the normotopically 
located kidney. It is important to remove all stone frag- 
ments, as drainage from the collecting system may be ana- 
tomically hindered (Fig. 43.6a—f). Usage of a ureteral 
access sheath has been reported to facilitate RIRS in the 
horseshoe kidney. 


43.9.5 Obese Patients 


RIRS may be the best method for the treatment of kidney 
stones in patients who are morbidly obese (BMI > 40). ESWL 
will not be effective if the stone cannot be radiographically 
located and/or positioned in the shockwave focal area. Access 
to the kidney for PRS can be tenuous, or even impossible if 
instruments are not long enough to reach the renal collecting 
system. Treatment of such patients is more demanding due to 
difficulties of patient positioning. If fluoroscopic guidance is 
not available due to patient weight exceeding the limitations 
of urologic X-ray tables, ultrasound may be employed to 
locate stones in the kidney and to verify the position of the 
proximal curl of the indwelling ureteral stent at the procedure 
conclusion. 


43.9.6 Skeletal Abnormalities 


Patients with severe skeletal abnormalities may not be physi- 
cally able to be positioned in low-lithotomy position, the tra- 
ditional position for RIRS. In most cases RIRS can still be 
successfully performed with the use of flexible scopes/ 


instruments and occasionally using ultrasound instead of 
X-ray for stone localization and stent position verification. 


43.9.7 Upper Tract Reconstruction 


Patients with upper urinary tract reconstruction or urinary 
diversion may develop stones secondary to reflux of infected 
urine. A conduit diversion or neobladder with reflexive ure- 
ter reimplantation can usually be navigated with a flexible 
cystoscope, and initially all mucous should be evacuated. 
Contrast/fluoroscopy and/or a guidewire can both be helpful 
when the bowel reservoir is tortuous. If the ureterointestinal 
anastomoses are of the refluxing-type, contrast/fluoroscopy 
may be helpful in identifying these areas (Fig. 43.7a-—c). It is 
often helpful to have some knowledge of the implantation 
method that was used (previous operating report, imaging 
studies). We carefully search for sessile well-circumscribed 
areas in the reservoir/conduit wall, using a floppy-tipped 
guidewire to gently probe these areas. Intravenous methyl- 
ene blue can also be useful to identify the ureteral insertion 
site/s. Once identified, the ureteral orifice should be cannu- 
lated with a safety wire preloaded in a 5-F angiocatheter. The 
wire should be advanced under fluoroscopic control and 
coiled in the kidney prior to advancing the angiocatheter up 
the ureter. Contrast may then be injected to define the upper 
tract anatomy, and a coaxial access set should then be used to 
place a second (working) wire. An access sheath will facili- 
tate reaccess to the upper tract. RIRS treatment of kidney 
stones should follow the principles previously described in 
this chapter. 


43.10 Complications of RIRS 


43.10.1 Prevention 


Complications of the RIRS procedure overall are rare with 
strict adherence to safe surgery guidelines. Medically, uri- 
nary tract infection with symptoms ranging from mild post- 
operative temperature elevation to full septic complications 
(very rare) can be encountered. Potential surgical compli- 
cations of RIRS include: bleeding from instrumentation 
and use of energy sources, upper urinary tract injury and 
possible perforation, and postoperative ureteral stricture 
(Table 43.7a, b). 

Awareness of preoperative urine culture results, the use 
of preoperative antimicrobial agents, and maintaining low 
pressures within the upper urinary tract during RIRS will 
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Fig. 43.6 (a) Renal pelvic stone in left moiety of horseshoe kidney. 
(b) KUB of 1.5 cm renal pelvic stone in left moiety of horseshoe kidney. 
(c) Retrograde pyelogram delineating anatomy of left upper tract of 


help to avoid infectious complications. As described 
earlier in this chapter, the routine use of a loop diuretic 
and keeping a low-pressure environment through avoid- 
ance of pressurized irrigation fluid flow and intermittent 
aspiration of intrarenal fluid by use of a suction pump will 
reduce the risk of postoperative infection. Furthermore, 
use of a ureteral access sheath—especially for prolonged 
cases and in patients with known or suspected infected 
stones—will also help to reduce intraoperative renal pelvis 
pressure. 


b 


horseshoe kidney. (d) Endoscopic vision of intact stone. (e) Endoscopic 
vision of fragmented stone gravel before basket removal. (f) KUB after 
complete removal of the stone gravel 


Damage to the urinary tract can best be prevented by 
always visualizing the action of the ureteroscope, accessory 
instruments, and energy sources; avoiding blunt damage 
to the urothelium, either by the scope itself or by the sharp 
tips of accessories (guidewires, baskets, graspers) passed 
through the scope working channel. In addition, lithotripsy 
energy sources should never be fired unless the stone and 
energy fiber are directly visualized. Always maintaining a 
safety-wire access to the kidney will help in the management 
of most surgical RIRS complications, should one occur. 
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Fig. 43.7 (a) KUB of renal stone in solitary kidney with ileum con- 
duit urinary diversion. (b) Retrograde pyelogram delineating anat- 
omy of ileum conduit urinary diversion with ureteroenteric anastomosis 


Sepsis complications can be severe, especially after treat- 
ment of infectious stones. If patients exhibit signs or symp- 
toms of sepsis (tachycardia, hypotension, temperature 
elevation), they should be closely monitored and treated 
with broad-spectrum antimicrobial agents. An appropriate 
intravenous access should be in-place, as blood pressure 
support may be required (Table 43.7b). 

If bleeding from the use of energy sources and instru- 
mentation occurs and vision is impaired, termination of 
the procedure with placement of an indwelling stent is 
the best course of action. Occasionally, a discrete bleeder 
can be identified and coagulated with the holmium or 
Nd:YAG Laser, but more commonly, bleeding is more of 
a generalized oozing nature involving multiple small 
areas and will self-terminate in short order; a second look 
procedure can usually be scheduled within 7—10 days. 
Breech of the integrity of the mucosa or perforation of 
the upper urinary tract rarely occurs. In such instances, 
the area of perforation should be examined, either 
endoscopically or fluoroscopically. In most situations, 


refluxing into ureter. (c) Flexible cystoscope advanced all the way 
to kidney for stone treatment (fragmentation and active basket 
retrieval) 


placement of an indwelling ureteral stent will allow the 
injury to heal, and the urologist can return at a later date 
to reassess the damaged area and complete the surgery. 
Severe injury, such as a circumferential ureteral tear or 
ureteral avulsion, is extremely rare and usually requires 
urgent operative intervention (Table 43.7a). 


Retrograde intrarenal surgery for the management of renal 
stones and associated pathology (intrarenal strictures), 
using small caliber, actively deflecting instruments is a 
well-established minimally invasive treatment modality. Its 
role compared to ESLW and PRS is defined by a higher 
stone-free rate than ESWL and lesser invasiveness and risk 
than PRS. 

A wide range of indications are now routinely performed 
at endourology subspecialty centers throughout the world 
and also an increasing number of community urologists are 
embarking on this safe, effective, and reproducible minimally 
invasive technique. 
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Table 43.7 (a) Intraoperative technical complications of ureteroscopic surgery and management. (b) Medical complications: prevention and 
management 


Complications 


(a) Technical complications 


Ureteral injury 


Management 


Ureteral injury 

Drainage ((1) stent, (2) stent + foley, (3) stent + foley + PCN) 
Endoscopically correct guidewire placement and stent for 2 weeks 
Drainage with stent (safety-wire!!), check with US/CT, PCN drainage of 


urinoma/hematoma 


Mucosal tear with/without extravasation 0 
False passage (guidewire) ° 
Perforation (with extravasation), false passage ° 
Ureteral bleeding (from scope or energy source) c 


vessel 


Ureteral intussusception/avulsion 
Damage to adjacent structures (vessels, bowel) G 


(b) Medical complications 


Acute urinary retention 


Observe, mostly will cease unless perforation or damage of large, adjacent 


Laparoscopic or open surgery required 
Open surgery likely required 


— Avoid overdistention of bladder intraoperatively 


— Voiding trial for male patients with large prostates 


Infection . 
— Bacteremia, sepsis 
— Urethritis, prostatitis, cystitis 


Infection 
— Sterile urine preoperative, perioperative; IV antibiotics 
— Sterile technique, drainage (stent or PCN) 


— Antibiotics and symptomatic (anti-spasmodic) 


Periureteral fluid collection (extravasation) O 
— Hematoma (sterile/infected) 
— Irrigation fluid 

Positional 


— Nerve damage 


Periureteral fluid collection (extravasation) 
— Observe (sterile); PCN drain (infected) 
— Observe (sterile); PCN drain (infected) 
Positional 

— Proper positioning and cushioning 


— DVT — Evaluate, physical therapy 
— Proper positioning and cushioning, pulsatile stockings 
— Medical treatment 
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Urolithiasis in Pregnancy 


Chandra Shekhar Biyani, Mary Garthwaite, 
and Adrian D. Joyce 


Abstract Management of urolithiasis during pregnancy is often challenging, requiring close 
cooperation between urologist, radiologist, and obstetrician. Physiological dilatation of the upper 
urinary tract occurs commonly in pregnancy due to altered uretero-dynamics. Ultrasonography 
is the preferred screening modality. X-rays present inherent risks of ionizing radiation and thus 
radiographic techniques including intravenous urography and computed tomography (CT) are best 
avoided. Magnetic resonance urography (MRU) offers a safe alternative to urography. If MRU 
fails to make the diagnosis, CT with a lower dose of ionizing radiation can be used in high-risk 
pregnancy. Fortunately, with conservative management, 70%-80% of symptomatic calculi pass 
spontaneously without any sequelae. We propose a logical, evidence-based, clinical management 
plan to enable the diagnosis, with the least possible risk to the patient and the fetus. During the 
first and second trimesters, sonographically guided PCN or internal ureteral stent placement is 
usually the first line of treatment. Specifically, ureteroscopic extraction is reserved for stones 
<1 cm. We believe that ureteroscopy should be avoided in the presence of sepsis and for stones 
>l cm. However, we consider ureteroscopy as a useful option, since it combines a diagnostic 
procedure with definitive treatment. Patients with complicated stone disease should be delivered 
near full-term, and then, definitive measures should be planned for the postpartum period. Finally, 
for patients who are not near full-term, temporizing procedures appear to be valid alternatives. 
Management of stones in pregnancy must, therefore, be tailored to fit the individual patient. 


44.1 Introduction studies have reported no difference in the incidence of symptom- 
atic stones during pregnancy compared to nonpregnant women 
of childbearing age.'*° However, multiparous women seem to 
be affected more often than primipara by a ratio of approxi- 
mately 3:1,?*°° but the overall incidence in multiparous women 
is no greater when adjustment is made for age.!™!! Folger’? 
reported that pain resulting from urinary stones is the common- 
est cause of abdominal pain requiring hospitalization during 
pregnancy. Left and right side calculi occur with equal frequency 
and ureteric stones occur approximately twice as often as renal 
calculi. Interestingly, 830%—90% of patients present in the second 
or third trimester of pregnancy, while first trimester presentation 
is rare. 

Management of urolithiasis during pregnancy is often 
challenging and requires close cooperation between the urol- 
ogist, radiologist, and obstetrician. Although 70%-80% of 
symptomatic calculi pass spontaneously with conservative 


Loin pain in pregnancy poses a significant diagnostic and thera- 
peutic challenge to all clinicians involved in the patient’s care, 
including the general practitioner, obstetrician, urologist, radiol- 
ogist, and anesthetist. Urolithiasis presenting during pregnancy 
is a major cause for concern considering the potential adverse 
effects of radiation exposure, surgical intervention, and anesthe- 
sia on both the mother and fetus. The incidence of urolithiasis 
during pregnancy varies between 0.026% and 0.531%;' causes 
complications in 1 in 200 to 1 in 2000 pregnancies* and may 
be a contributing factor in up to 40% of premature births.? Most 
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44.2 General Effects of Pregnancy 
on the Urinary Tract 


Pregnancy is accompanied by numerous adaptive anatomical 
and physiological changes within the urinary tract 
(Table 44.1). Physiological hydronephrosis occurs in up to 
90% of pregnancies, starting at 6-10 weeks of gestation, and 
generally resolves within 4-6 weeks of parturition.’° The 
hydronephrosis of pregnancy is due to a combination of hor- 
monal and mechanical effects. Progesterone affects the uri- 
nary smooth muscle during early pregnancy causing decreased 
peristalsis and dilatation of the ureter above the pelvic brim. 
The right is more affected than the left due to compression 
from the engorged right ovarian vein and uterine dextrorota- 
tion. Recent articles have suggested that mechanical com- 
pression may be the main cause for the dilatation, as several 


Table 44.1 Anatomical and physiological changes 


Anatomical Physiological 


Kidney T in renal size ~1 cm T renal plasma flow & 
GER (30%-50%) 
T in renal volume ~30% Î creatinine and urea 
clearance 
Dilatation of the collecting i protein and albumin 
system and pelvis excretion 
Dilatation of the renal T uric acid, glucose, 
vasculature calcium, and citrate 
excretion 
Sodium retention 
Ureter Hydroureter (R > L) dl, peristalsis 
Bladder Upward and anterior T bladder capacity 
displacement 
Indentation of the bladder Î bladder pressure 


dome by the uterus 


T vesicoureteric reflux 


(3.5%) 


Ureteric orifices are seen 
more cranially on 
cystoscopy 


Table 44.2 Effects of gestational age and radiation dose on radiation-induced teratogenesis 


Gestational period Estimated threshold dose Effects 


studies have demonstrated that dilatation is not seen when 
the ureter does not cross the pelvic brim, as in patients with 
pelvic kidneys or an ileal conduit.'”'* A physiological state of 
absorptive hypercalciuria is observed during normal preg- 
nancy, presumably caused by placental formation of 
1,25-dihydroxycholecalciferol and suppressed production of 
parathyroid hormone. However, in contrast, the filtered 
loads of antilithogenic substances like citrate, magnesium, 
and urinary glycosaminoglycans are also increased, reducing 
the risk of urinary lithogenesis.”° Pathological calcium oxalate 
supersaturation has been reported during pregnancy, but crys- 
talluria is no more common than in nonpregnant woman.” 
Thus, the relative percentage, type, and frequency of urinary 
stones occurring during pregnancy are similar to those in 
nonpregnant stone formers.””* 


44.3 Fetal Considerations 
in the Management 
of Urolithiasis in Pregnancy 


44.3.1 Radiation Exposure 


The most important factor complicating the radiological 
evaluation of stone disease in pregnancy is the risk of radia- 
tion exposure to the fetus. Diagnostic imaging during preg- 
nancy carries the risk of ionizing radiation exposure to the 
fetus (Table 44.2).7*°° The human body absorbs almost 90% 
of the exposed diagnostic radiation,”’ and the radiation dose 
absorbed (amount of energy deposited in the tissue by radia- 
tion) by a person is measured using the unit Rad or Gray 
(Gy). The Gy has replaced the Rad. The biological risk (risk 
that a person will sustain health effects from an exposure to 
radiation, dose equivalent and effective dose) of radiation 
exposure is measured using the unit Rem or Sievert (Sv) 
(1 rad = 1 rem = 0.01 Gy = 0.01Sv). 


23-26 


Spontaneous risk facing an 


embryo (0 rad exposure) 


0-2 weeks 50-100 mGy Death of embryo 350,000/10° pregnancies 
2-8 weeks 200 mGy Congenital malformation 30,000/10° pregnancies 
200-250 mGy Growth retardation 30,000/10° pregnancies 
8-15 weeks 60-310 mGy Severe mental retardation (high risk [40%]) 5000/10° pregnancies 
25-31 IQ point loss per 1000 mGy 
200 mGy Microcephaly 
16-25 weeks 250-280 mGy Severe mental retardation (low risk) 
13-21 IQ point loss per 1000 mGy 
After 26 weeks >1000 mGy Risk of stillbirth & neonatal death 20-2000/10° pregnancies 
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The principal effects of radiation on the mammalian 
fetus include teratogenesis, carcinogenesis, and mutagene- 
sis.” The effects of radiation are categorized as either 
nonstochastic or stochastic. Nonstochastic effects are those 
that are cumulative with increasing dose and for which a 
threshold is believed to exist; for example, malformation, 
growth retardation, and cataract formation. Stochastic 
effects are those where the probability of the effect gets 
worse with increasing dose and where there appears to be 
no threshold; for example, the risk of malignancy and 
genetic effects. 

The primary source of information on human data 
relies on studies from the 1945 atomic bomb survivors 
from Nagasaki and Hiroshima, who were irradiated with 
high doses in utero.” There is no doubt that regardless 
of gestational age, an acute exposure to radiation >0.5 Gy 
represents a major risk to the embryo.! The risk associ- 
ated with radiation exposure is critically dependent on 
gestational age and the total amount of radiation deliv- 
ered. The potential effects of radiation on a conceptus 
include prenatal death, intrauterine growth retardation, 
small head size, reduced IQ, organ malformation, and 
childhood cancer. 


Radiation-induced fetal malformation (teratogenesis): The clas- 
sical effects of radiation on the developing embryo are gross 
congenital malformation, intrauterine growth retardation 
(IUGR), and embryonic death. The frequency of severe mental 
retardation appears to be linearly related to the dose. During 
pregnancy, there is no apparent increased risk of severe mental 
retardation with radiation exposure before the 8th week or after 
25th week of gestation.” Irradiation of the human fetus from 
diagnostic exposures of 50 mGy has not been observed to cause 
congenital malformations or IUGR.**"! In general, however, pro- 
tected exposures have been shown to be less damaging than 
acute exposures, and the earlier the in utero exposure, the greater 
the effect.” 


Radiation-induced malignancy (carcinogenesis): Various stud- 
ies have demonstrated slightly increased risk of childhood can- 
cer with radiation doses to the fetus of 210 mGy. However, this 
effect is not dependent on gestational age. The absolute risk for 
fatal cancer for ages 0-15 years following prenatal radiation 
exposure has been estimated to be 0.006% per 1 mGy. For the 
whole life span, this risk is about 0.015% per 1 mGy. ICRP 
Publication 90 suggests that an exposure of 30 mGy to a fetus 
doubles the risk of childhood cancer from 1 in 600 (general 
population) to 2 in 600.” The excess relative risk of developing 
childhood cancer has been reported to be ~0.28 at 1 mGy in the 
first trimester; and 0.03 at 1 mGy in the third trimester with an 
overall risk of 0.037 at 1 mGy during pregnancy.” It remains 
unclear as to whether the embryo is significantly more sensitive 
to the leukemogenic effects of radiation when compared with 
the child or adult. However, there is little disagreement with the 
concept that low doses of radiation present a carcinogenic risk 
to the embryo and adult, and that there may be different relative 
risks per mGy at different stages of development.” 


Radiation-induced mutagenesis: Radiation exposure can result in 
germ-line mutations, potentially affecting future generations. In 


the general population, genetic diseases occur in ~11% of births 
and spontaneous mutations account for <3% of genetic disease.” 
The dosage required to double the baseline mutation rate is 
between 500 and 1000 mGy, far in excess of the radiation doses 
experienced in common radiographic studies.*” Measurement of 
genetic effects is fraught with difficulties due to the high inci- 
dence of genetic birth defects inherent in the human population. 
The data from the children of the survivors of nuclear attacks on 
Hiroshima and Nagasaki indicates that radiation is weakly muta- 
genic and inherited mutations are rare, especially at low levels of 
exposure.*°” 


The radiation dose delivered and its effect on the develop- 
ing fetus depend upon the patient size, equipment, radio- 
graphic technique, duration of fluoroscopy, number of 
films, and the gestational age. For example, a kidneys-ure- 
ter-bladder (KUB) radiography delivers approximately 0.5 
mGy to the fetus, a standard intravenous urography (IVU) 
exposes the fetus to 3 mGy and a limited IVU delivers about 
2 mGy.** The National Radiological Protection Board 
(NRPB) reported mean and maximum fetal doses from the 
most recent surveys of diagnostic radiology practice 
(Table 44.3).°°*° The lethal dose to fetal tissue is variable 
and increases from ~100 mGy after day | to 500 mGy at the 
end of the first trimester.*' In the United Kingdom, it is rec- 
ommended that an investigation resulting in an absorbed 
dose to the fetus of >0.5 mGy requires justification.” This 
dose gives a level of risk comparable with that due to varia- 
tions in natural background radiation, found in the United 
Kingdom.” During the first month of pregnancy, spontane- 
ous abortion is far more common than birth defects, and 
fortunately, first trimester presentation of urolithiasis is 
extremely rare. However, clinicians must carefully consider 
the risk-benefit ratio of an examination involving radiation 
during pregnancy during the first trimester. 


44.3.2 Analgesics and Antibiotics 


Small doses of morphine sulfate for episodic pain have 
demonstrated no adverse fetal effects, but chronic use of 
these agents can lead to fetal narcotic addiction, intrauter- 
ine growth retardation, and premature labor. Compounds 
containing codeine have been shown to have teratogenic 
effects when used in the first trimester, but may be used in 
the second and third trimester for short intervals with little 
fetal risk. Nonsteroidal anti-inflammatory drugs block 
prostaglandin synthesis and, therefore, may lead to pre- 
mature closure of the ductus arteriosus in utero and, there- 
fore, should be avoided in pregnancy. No evidence of 
teratogenicity has been reported for drugs such as ibupro- 
fen and naproxen, and short courses would be appropri- 
ate if indicated; however, their chronic use may lead to 
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Examination 


Mean 
Abdomen X-ray 1.4 
Intravenous urography 1.7 
CT abdomen 8.0 
CT pelvis 25 
°™Tc Kidney scan (DTPA) S 
mTe MAG 3 
Physical quantity Non-SI unit 
Absorbed dose rad 


Dose equivalent rem 


Table 44.3 Fetal doses following common diagnostic uroradiological procedure 
Fetal absorbed dose (mGy) 


39,40 


Effective dose (mSv) 


Maximum 


4.2 12 
10 1.6 
49 10 
79 
4.0 2.0 
1.0 0.7 
SI unit Relationship 
gray (Gy) 1 Gy = 100 rad 
1 mGy = 0.1 rad 
1 u(micro)Gy = 0.1 mrad 


Sievert (Sv) 1 Sv = 100 rem 
1 mSv = 0.1 rem 


1 u(micro)Sv = 0.1 mrem 


“Background” radiation exposure: the average value for the United Kingdom is 2.7 mSv/year and the United States is 3 mSv/year 


oligohydromnios and constriction of the fetal ductus arte- 
riosus. Patients undergoing nonobstetric surgery may 
require antibiotic treatment and the antibiotics of choice 
are penicillins and cephalosporins, as neither group has 
been shown to have adverse effects on the fetus. 
Erythromycin is also well-tolerated without fetal morbid- 
ity. Aminoglycosides, tetracycline, chloramphenicol, the 
fluoroquinolones, and sulfa drugs are contraindicated in 
pregnancy due to adverse effects on the fetus. 


44.4 Clinical Presentation 


The most common presenting symptoms and signs of uro- 
lithiasis are flank pain, gross or microscopic hematuria, and 
urinary tract infection. The differential diagnosis of loin 
pain in pregnancy includes general abdominal conditions as 
well as the major obstetric complications of pregnancy 
(Table 44.4). Incorrect diagnoses, including appendicitis, 
diverticulitis, and placental abruption, have been reported 
in up to 28% of patients in whom a stone was subsequently 
confirmed. This is indicative of the diagnostic difficulties 
posed by patients presenting with urinary stone disease in 
pregnancy.* Hematuria is common in pregnant patients with 
stones, with microscopic hematuria reported in up to 75% 
of cases and gross hematuria in up to 15% of cases.'° 
Patients may also present with urinary tract infection, irrita- 
tive lower urinary tract symptoms, and rarely with preec- 
lampsia.'*'! Bladder stones are reportedly rare during 
pregnancy and their diagnosis during pregnancy can be dif- 
ficult with stones often missed on ultrasound (US). Rare 
complications of bladder stones in pregnancy include vesi- 
covaginal fistula.*° 


Table 44.4 The possible causes of loin pain in pregnancy 


Obstetric causes Nonobstetric causes 


Nonurological 


Accidental Appendicitis Urolithiasis 
antepartum 

hemorrhage 

Torsion of the Cholecystitis Acute pyelonephritis 
uterus 

Rupture of the Pancreatitis Renal vein 

uterus thrombosis 

Uterine fibroids Peptic ulcer disease Urinary infection 


Ovarian tumors Intestinal obstruction Renal rupture 


Ectopic pregnancy 


44.5 Choice of Imaging Modalities 


The most important factors to consider when presented with 
a pregnant patient with suspected urolithiasis are how to 
evaluate the problem with minimal risk to the fetus, then to 
determine the most appropriate management regimen, fol- 
lowed by if and when to intervene surgically. Kilpatrick and 
Monga” rightly stated, “Don’t penalize her for being preg- 
nant!”. Anxiety regarding radiological procedures often 
generates undue fear and concern amongst obstetrician, 
urologist and radiologist, which may prompt the use of less 
sensitive alternatives for diagnosis with the potential for 
unnecessary delays in diagnosis, which may lead to untow- 
ard outcomes. Ultrasonography and magnetic resonance 
imaging (MRI) should be used when possible to avoid radi- 
ation exposure to the fetus, especially in the first trimester. 
If a modality with ionizing radiation is finally needed, the 
patient should be informed of the risks and benefits of the 
examinations. 
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44.5.1 Ultrasound (US) 


Renal US is the diagnostic test of choice when assessing a 
pregnant patient with flank pain. It is inexpensive, readily 
available, and is believed to be safe to the unborn fetus 
because of its lack of ionizing radiation. However, US imag- 
ing has limitations in both pregnant and nonpregnant patients, 
including poor sound transmission through gas and bone, 
limiting the quality of the examination and its operator 
dependency. In the diagnostic evaluation of suspected renal 
colic in pregnancy, ultrasound is invaluable. However, it can 
be difficult to differentiate the physiological dilatation of 
pregnancy from ureteric obstruction and can miss up to 20% 
of patients with complete obstruction, so is, therefore, of 
limited value in cases of acute obstruction.“ Stothers and 
Lee demonstrated a sensitivity rate of 34% and an 86% spec- 
ificity rate for detection of abnormal findings in the presence 
of stones.’ Evidence for the use of resistive index, presence 
or absence of ureteral jets, and measurement of pelvic diam- 
eter has been conflicting.” Nevertheless, ureteric dilatation 
below the pelvic brim is highly suggestive of pathological 
distal ureteric obstruction.’ In addition, transvaginal US 
may help in elucidating the level of obstruction.*! 


44.5.2 MR Urography (MRU) 


MR imaging during pregnancy has no known deleterious 
effects to the fetus and should be used when needed.” In a 
recent survey, most of the respondents (>90%) preferred to 
perform MRI in pregnant women with abdominal pain.® 
MRU can be used to evaluate the urinary tract without ion- 
izing radiation and usually without administration of con- 
trast medium. The test is performed in the supine position at 
field strength of 1.5 T (tesla). Safety or efficacy of a3 T MRI 
machine during pregnancy has not been assessed. Acoustic 
injury to the fetus during pregnancy appears to be more 
hypothetical than a real concern.™ Various MRI protocols for 
pregnant patients have been described, including rapid acqui- 
sition with relaxation enhancement (RARE), fast spin-echo 
(FSE), and half-Fourier acquisition single-shot turbo spin- 
echo (HASTE).°*** Roy et al. demonstrated excellent accu- 
racy (sensitivity 100%) using RARE MRU.” MRU is able to 
differentiate a physiological from pathological ureteric dila- 
tation during pregnancy, but it is an expensive technique and 
is of limited availability, thus, it should be reserved for spe- 
cial cases when US fails to provide a diagnosis. The RARE 
and HASTE techniques show ureteric caliber and level of 
obstruction but do not provide any information about the 
dynamics of the urinary system or the relationship of 
the ureter to any other retroperitoneal structures. Spencer 
et al. reported the use of gadolinium-enhanced, breath-hold 


Table 44.5 Various definitions of a modified IVU 


Authors Protocol 


Drago et al. Two exposure limited IVU, a second film at 
30-60 min 


Klein® KUB + 20 min, + delayed films 
Waltzer™ KUB + 15 min, if obstruction then 60 min film 
Boridy et al.°! KUB + 1 min + 15 min 


Faint nephrogram on the 1-min film and no 
excretion on the 15-min film, delayed films at 
120-180 min 


Source: Adapted from Biyani and Joyce” 


gradient echo MR excretory urography (MREU) to assess 
symptomatic hydronephrosis in pregnancy. They compared 
MREU with a gold standard isotope diuretic renography in 
11 symptomatic pregnant women and noted a good correla- 
tion between assessment of excretion from symptomatic kid- 
neys for isotope and MR studies.” However, potential fetal 
toxic effects with use of intravenous gadolinium contrast 
agents have been demonstrated in animal studies and the 
American College of Radiology’s 2007 white paper empha- 
sizes the need for a “well documented and thoughtful risk- 
benefit analysis” prior to the use of contrast agents. 


44.5.3 Intravenous Urogram (IVU) 


As previously discussed, the use of radiation for diagnostic 
studies during pregnancy remains controversial. Various 
investigators have suggested that a modified or limited 
IVU*' can be performed to decrease the radiation dose to 
the fetus. A modified IVU has been varyingly defined 
(Table 44.5).4°°' A further limitation of IVU in pregnancy 
is the difficulty in differentiating delayed excretion of the 
contrast material associated with physiological dilation from 
that associated with obstruction due to calculus. Furthermore, 
an enlarged uterus and fetal skeleton may obscure small 
stones. Although, no adverse effects of contrast media on 
fetal development have been reported, exposure to contra 
media should be avoided. Depression of fetal thyroid func- 
tion is a potential side effect due to exposure to free 
iodide.© 


44.5.4 Computed Tomography (CT) 


Traditionally, CT scanning has been avoided during preg- 
nancy because of ionizing radiation. Interestingly, a study 
reported an unrealistically high perception of potential fetal 
harm by CT and routine X-rays in obstetricians. In contrast, 
Lazarus et al.” reported that the number of pregnant women 
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exposed to ionizing radiation has more than doubled in the 
last decade and the largest increase in imaging was with CT 
scan (25%). Furthermore, a recent survey of academic insti- 
tutions in the United States suggested that 95% of respon- 
dents perform CT to assess pregnant woman presenting with 
abdominal pain when benefits are thought to outweigh the 
risks.” Various authors have reported the use of low-dose CT 
(LDCT). White et al. performed CT scan in 20 patients 
during pregnancy.” In 19 patients, US scan demonstrated 
hydronephrosis with no calculi and a normal result in one 
patient. They observed >98% sensitivity and specificity with 
LDCT scan for detection of the renal calculi. The average 
radiation exposure was 7.0575 mGy. Another study® evalu- 
ated radiation dose resulting from MDCT of the chest, abdo- 
men, and pelvis to the fetus at early gestation. The radiation 
doses to the fetus at 0 and 3 months for renal stone protocol 
was 8—12 mGy and 4-7 mGy; they concluded that doses are 
below the threshold dose thought to induce neurological det- 
riment to the fetus. These doses are lower than those reported 
in Table 44.3. Angel et al.”' used Monte Carlo simulations to 
investigate fetal radiation dose. They reported estimated nor- 
malized dose of 10.8 mGy/100 mAs (7.3—14.3 mGy). Fetal 
dose correlated well with patient size and fetal depth but not 
with gestational age. According to ICRP, significant neuro- 
logical impairment is unlikely, unless a dose of 100 mGy or 
more has been delivered.** The radiation dose to the fetus 
from radiographic examination depends on the thickness of 
patient, the direction of the projection, X-ray technical fac- 
tors, and the depth of the fetus from skin surface. McCollough 
et al. reported that the fetal radiation dose from CT is lower 
than that of limited IVU for a patient with an anteroposterior 
thickness of >25 cm.” As stated earlier, that radiation dose 
from CT scan of the pelvis could potentially double the risk 
of developing childhood cancer,” therefore, US and MRI 
should be used as alternative imaging modalities whenever 
possible. 


44.5.5 Radionuclide Renography 


The administration of a radioisotope to a pregnant woman 
will result in exposure of the fetus to radiation emitted from 
adjacent maternal organs and from any radioactivity trans- 
ferred across the placenta.“ Renography delivers about 10% 
of the radiation dose of an intravenous urogram. For °™Tc- 
labeled radiopharmaceuticals, the absorbed doses range from 
0.2 to 1.8 mGy.” It is important to remember that the radio- 
isotope is excreted in urine, and the bladder reservoir compo- 
nent will act as a significant source of exposure to the fetus. 
Therefore, to minimize the radiation risk to the fetus, the 
patient should be encouraged to maintain a high-fluid intake 


and void as frequently as possible. Renography provides a 
physiological approach to diagnostic evaluation and its safety 
has been demonstrated.“ However, physiological dilatation 
can be confused with pathological obstruction in 10%—20% 
of patients.” 


44.6 Clinical Management Options 


44.6.1 Conservative Treatment 


There is a lack of evidence from randomized studies about 
the most appropriate treatment strategy for patients with 
stones during pregnancy. However, contemporary literature 
reflects that approximately 70%-80% of pregnant patients 
with symptomatic calculi will pass them spontaneously if 
treated conservatively with hydration, analgesia, and, if indi- 
cated, antibiotics.!”? Horowitz and Schmidt described it as 
“expectant therapy for the expectant mother.” However, 
this implies that intervention may be necessary in 20%-30% 
of patients. Indications for a more aggressive approach in 
pregnant patients include the following: (1) obstruction of a 
solitary kidney, (2) sepsis, (3) colic refractory to drug ther- 
apy, and (4) social and psychological reasons. Premature 
labor from renal colic is the most common obstetric compli- 
cation of urolithiasis. Standard tocolytic therapy with beta 
adrenergic agents halts premature labor and a single subcuta- 
neous or intravenous dose of terbutaline sulfate 0.25 mg is 
often sufficient to arrest contractions. The risk of premature 
labor should cease completely with the passage or removal 
of the stone. 

The initial management should be conservative, consist- 
ing primarily of rest, adequate hydration, analgesia, and anti- 
emetics. The use of continuous segmental epidural block 
(T11 and L2) has been recommended and may even influ- 
ence spontaneous passage of the calculi.” 


44.6.2 Surgical Treatment 


Various surgical interventions have been used to treat stones 
during pregnancy. Historically, pregnant patients with cal- 
culi underwent open surgery or blind basketry of the stone. 
Recent radiological advances, as well as technological 
improvements in new ureteral catheters, instrument design 
and energy sources, make the management of these patients 
potentially less invasive. The guiding philosophy in preg- 
nant patients is to protect the mother and the fetus, there- 
fore, the crux of therapy is minimal essential surgery. This 
should be based on the type of stone, timing of presentation, 
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and availability of local expertise. Temporizing maneuvers 
in the third trimester may be appropriate because of the high 
risk of spontaneous abortion. In 1978, Meares suggested 
using a percutaneous nephrostomy (PCN) or internal ure- 
teral stent(s) to manage complications of urolithiasis in 
pregnancy.” 


44.6.2.1 Percutaneous Nephrostomy 


The efficacy of PCN and retrograde ureteral stent(s) in 
decompressing the collecting system has been firmly estab- 
lished. Proponents of percutaneous drainage cite several 
advantages over retrograde ureteral stent placement: (1) PCN 
placement can be performed safely in acutely ill or septic 
patients with local anesthesia under US guidance; (2) it pro- 
vides immediate drainage and allows culture of the urine for 
organism-specific antibiotic sensitivities; (3) PCN provides 
access for future percutaneous stone manipulation; (4) it 
avoids manipulation of the obstructed ureter with its poten- 
tial for perforation and exacerbation of the infection; (5) if 
necessary, the nephrostomy tube can be irrigated to dissolve 
uric acid, cystine, or struvite stones; and (6) in addition, PCN 
is more cost effective than retrograde ureteral catheteriza- 
tion’ and is successful in 91%-98% of patients.” *! 
Nevertheless, the disadvantages of nephrostomy tube inser- 
tion are well-recognized: (1) possibility of encrustation and 
tube obstruction requiring frequent tube replacement 
(6—8 weeks) to minimize encrustation, (2) infection, (3) pos- 
sibility of bleeding from the track, (4) discomfort, (5) the 
procedure may be technically difficult in the third trimester, 
and (6) frustratingly, the ever-present risk of displacement of 
the nephrostomy tube. 


44.6.2.2 Ureteral Stent 


Insertion of internal ureteral stents can be performed with gen- 
eral/local anesthesia under transabdominal US guidance or with 
limited fluoroscopy. After the typical lower urinary tract issues, 
encrustation of the ureteric stent is the commonest complica- 
tion, although no definite etiology of an increased tendency for 
the stent to encrust has been determined. However, pregnancy- 
related hyperuricosuria and absorptive hypercalciuria coupled 
with infection may be factors in stent encrustation, therefore, 
some investigators recommend hydration, dietary calcium 
restriction, and antibiotics.® Infection and migration are other 
complications of internal stent placement. Stent migration can 
be minimized by using double pigtail ureteral stents, which 
have a better memory or retentive design. As a consequence of 
such difficulties it has been suggested that ureteric stents should 
be reserved for the later stage (>22 weeks) of pregnancy.®? 


44.6.2.3 Ureteroscopy 


Ureteroscopy has been widely used both in the diagnosis 
and treatment of urolithiasis, with advances in instrument 
design, flexibility, and downsizing having broadened both 
its diagnostic and therapeutic capabilities. Ureteroscopy 
has been safely employed during pregnancy and should 
always be performed by an experienced urologist.***° 
Contraindications to the use of ureteroscopy during preg- 
nancy are as follows: (1) stone size > 1 cm, (2) multiple 
calculi, (3) a solitary kidney, and (4) sepsis due to the 
increased risk of complications. Temporizing procedures 
should be considered in these situations. Most distal ure- 
teric stones can be retrieved with a stone basket, but some 
may require fragmentation, which can be accomplished 
safely with pulse-dye laser, holmium:YAG laser or pneu- 
matic lithotripsy.***° 

Percutaneous stone extraction should be deferred until the 
postnatal period because the necessity for prolonged anes- 
thesia and radiation may pose a major hazard to the outcome 
of pregnancy. Extracorporeal shock wave lithotripsy (ESWL) 
is contraindicated in pregnancy because of the potential dis- 
ruptive effects of the shock wave energy on the fetus.*’ 
Vieweg et al. reported a spontaneous miscarriage 24 h after 
ESWL treatment of a distal ureteric stone in the first 
trimester.’ 

Open surgery remains a viable alternative for the manage- 
ment of selected patients with urolithiasis in pregnancy. Shnider 
and Webster, who examined the risk of surgery, reported pre- 
mature delivery in 6.5%, 8.6%, and 11.9% of patients, during 
the first, second, and third trimester, respectively.” 


44.6.3 Algorithm for the Management 
of Stone Disease in Pregnant Women 


Conservative management with bed rest, hydration, and 
analgesia results in spontaneous passage in two-third 
of patients (Level of Evidence 3, Strength of recommenda- 
tions B). Surgical intervention is reserved for patients with 
urosepsis or renal failure or failure of expectant treatment. 
The availability of urological and radiological expertise 
will play an important role in the decision-making process, 
and, in addition, stone size and pregnancy status will also 
influence management. If conservative treatment fails in 
early pregnancy, temporary urinary diversion with percuta- 
neous nephrostomy or an internal ureteric stent may be 
appropriate (Level of Evidence 3, Strength of recommen- 
dations B). The recent revolution in diagnostic technology 
and endoscopic instrumentation, resulting in high quality 
imaging and small caliber ureteroscopes, have made 
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ureteric access a feasible and safe option (Level of Evidence 
3, Strength of recommendations B). Ureteroscopic extrac- 
tion is reserved for stones <1 cm, but should be avoided in 
the presence of sepsis or for stones >1 cm. Patients with 
complicated stone disease should be delivered near full- 
term and definitive measures planned for the postpartum 
period. Pregnancy remains an absolute contraindication 
for ESWL. 

There is no universal consensus of agreement for a clini- 
cal algorithm for the management of a patient presenting 
with loin pain in pregnancy. The diagnostic and therapeutic 
dilemma presented by these patients is well recognized and 
the management of stones in pregnancy must, therefore, be 
tailored to fit the individual patient. Figure 44.1 presents a 
logical clinical management plan using the most appropriate 


Flank pain 


History, P/E, MSU 


Creatinine, USS 


Non-urological 
cause 


Appropriate 


Stone confirmed 
referral 


No sepsis/ 
hydronephrosis 
normal RF 


ny] 


investigations to reach a diagnosis with the least possible risk 
to the patient and the fetus. 


44.6.4 Pregnancy Outcome 
and Complications 


Information about the outcomes and complications of pregnancy 
in females with urolithiasis is limited. Swartz et al.? reported 
almost double the risk of preterm delivery compared with women 
without urolithiasis (OR 1.8, CI 1.5-2.1). In another study, 
Banhidy et al.' reported no additional risk for adverse birth out- 
comes, especially congenital anomalies (OR 0.8, CI 0.6-1.0). 
Table 44.6 summarizes data on obstetric outcome. 1380.21 


Urological cause 


Stone NOT confirmed 


Sepsis + 
hydronephrosis + 
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Fig. 44.1 Treatment algorithm. P/E physical examination, MSU mid stream urine, MRU magnetic resonance urography, LDCT low-dose com- 
puted tomography, Rx treatment, RF renal function, PCN percutaneous nephrostomy (Adapted from Biyani and Joyce") 
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Table 44.6 Kidney stones and pregnancy complications 


References Number of patients Preeclampsia Preterm labor Preterm delivery Premature 
rupture of 
membrane 

Parulkar®! 12 20% 2.9% 

Stothers and Lee’ 80 = 2.5% 

Lewis et al.” Cases 86 5.8% 12% 13% 7% 

Control 20,024 6.3% 9.9% 3% 

Swartz et al.* Cases 2,239 10.6% 2.9% 

Control 6,729 6.4% 3.2% 
Bánhidy et al.' Cases 69 14.5% 5.4% 
Control 22,774 7.8%, p = 0.04 9.2% 


Table 44.7 Diagnostic imaging during pregnancy: recommendations 


X-ray imaging 


e National Radiological Protection Board, Royal College of Radiologists, UK: “Radiation doses resulting from most diagnostic procedures in 
an individual pregnancy present no substantial risk of causing fetal death or malformation or impairment of mental development’™’ 

e National Council on Radiation Protection: “Fetal risk is considered to be negligible at 50 mGy or less when compared to the other risks of preg- 
nancy, and the risk of malformations is significantly increased above control levels at dose above 150 mGy””” 

e American College of Obstetricians and Gynaecologists: “Women should be counseled that x-ray exposure from a single diagnostic proce- 
dures does not result in harmful effects. Specifically, exposure to <50 mGy has not been associated with an increase in fetal anomalies or 
pregnancy loss” 

e American College of Radiology: After an exposure of 10 mGy to a newborn, the lifetime risk of developing childhood malignancy, particularly 
leukemia, might increase from a background rate of about 0.2-0.3% to about 0.3-0.7%, where the estimate varies depending on the methods used 
to assess the risk from statistical data? 


Ultrasound imaging 

e American Institute of Ultrasound in Medicine: “Mammalian bioeffects are not seen an unfocused beam having free-field spatial-peak temporal- 
average (SPTA) intensities below 100 mW/cm?, or a focused beam having intensities below 1 W/cm?, or thermal index values of less than 2”°* 

e American College of Obstetricians and Gynecologists: “There have been no reports of documented adverse fetal effects for diagnostic ultra- 
sound procedures, including duplex Doppler imaging” 

e United States Food and Drug Administration: “Ultrasonic fetal scanning is generally considered safe and is properly used when medical 
information on a pregnancy is needed. But ultrasound energy delivered to the fetus cannot be regarded as completely innocuous. Laboratory 
studies have shown that diagnostic levels of ultrasound can produce physical effects in tissue, such as mechanical vibrations and rise in 
temperature. Although there is no evidence that these physical effects can harm the fetus, public health experts, clinicians, and industry agree 
that casual exposure to ultrasound, especially during pregnancy, should be avoided. Viewed in this light, exposing the fetus to ultrasound with 
no anticipation of medical benefit is not justified”? 


Magnetic resonance imaging 

e ACR Guidance Document for Safe MR Practices: 2007: Present data have not conclusively documented any deleterious effects of MR imag- 
ing exposure on the developing fetus. Therefore, no special consideration is recommended for the first, versus any other, trimester in preg- 
nancy. MR contrast agents should not be routinely provided to pregnant patients 

e Medicines and Healthcare Products Regulatory Agency: The MHRA recommends that, where possible, the decision to scan should be made 
at the time by the referring clinician, an MR radiologist and the patient, based on the information above about risks weighed against the clini- 
cal benefit to the patient 


Radionuclide Scan 
e Administration of Radioactive Substances Advisory Committee: “Special attention should be given to the optimization of the exposure, taking 
into account the exposure of the expectant mother and the unborn child’””’ 


44.6.5 Clinical Management of Asymptomatic 
Stones in Patients Contemplating 
Pregnancy 


considered in order to avoid the risks of subsequent manage- 
ment during a pregnancy (Level of Evidence 3, Strength of 
recommendations B). Mee and Thuroff”? suggested that recur- 
rent gross hematuria, documented stone growth, urinary tract 
It has been observed that renal stones tend to become symp- infection, and recurrent renal colic associated with a mobile 
tomatic during pregnancy.” Therefore, the management of calyceal stone are all indications for prophylactic treatment in 


asymptomatic calculi in women of childbearing age must be women of childbearing age who are contemplating future 
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pregnancies. If possible, a careful metabolic workup should 
be performed prior to pregnancy. Management and genetic 
counseling of women with cystinuria should begin prior to 
conception. In patients with cystinuria, the mainstay of man- 
agement is the assiduous maintenance of high-fluid intake.” 


44.7 Conclusions 


Although rare, symptomatic urolithiasis during pregnancy pres- 
ents a challenging clinical problem that requires cooperation 
between the obstetrician, urologist, and radiologist. Flank pain 
and hematuria are the commonest presenting symptoms. The 
differential diagnosis of flank pain during pregnancy is expan- 
sive and, in this respect, a thorough medical history and physi- 
cal examination is of vital importance. A fundamental part of 
the patient evaluation is urinalysis. In addition, US imaging is 
useful in resolving the diagnostic dilemma at the time of initial 
assessment. US combined with measurements of renal vascular 
resistance and ureteral jets appears to be the ideal imaging pro- 
tocol. If the ultrasound fails to reveal a calculus in a symptom- 
atic patient with hydronephrosis, isotope renography or MRU 
is useful in delineating the level and grade of obstruction. Many 
clinicians are concerned about suggesting imaging that involves 
radiation, however, the fact should be kept in mind that radia- 
tion-induced fetal abnormalities have not been reported below 
fetal absorbed dose level of 0.1 Gy. Ideally, radiographic tech- 
niques, including modified IVU and CT, are best avoided as 
they present inherent risks of ionizing radiation and contrast 
medium injection to the fetus. Judicious and selective use of 
LDCT appears to offer substantial diagnostic benefits 
(Table 44.7).404194-959 When the diagnosis is confirmed, a 
conservative approach is recommended in absence of hydro- 
nephrosis, sepsis, and abnormal renal function. Surgical inter- 
vention should be considered in patients with urosepsis or renal 
failure or failure of expectant treatment. 
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Surgical Management of Urolithiasis 
in Transplanted Kidneys 


Yehoshua Gdor and J. Stuart Wolf, Jr. 


Abstract Urolithiasis is an uncommon complication in transplant kidneys. The use of computed 
tomography to evaluate living donors can detect calculi in kidneys and such kidneys should be 
avoided for transplantation, unless a small asymptomatic stone can be removed. Calculi may 
form de novo after transplant. The principles of treatment of calculi in transplant kidneys are 
similar to that of calculi in solitary kidneys. The major differences are the clinical manifestations 
and the anatomy. Since the treatment goal is stone-free status with one procedure with minimal 
morbidity and risk to the transplant kidney, advances in endoscopic equipment and techniques 
have shifted treatments from shockwave lithotripsy (SWL) to percutaneous nephrostolithotomy 


and ureteroscopy. 


45.1 Introduction 


Urolithiasis is an uncommon complication in transplant 
kidneys, with a reported incidence of 0.13%-3%. Calculi 
may already present in the donor kidney, or they may form 
de novo after transplantation. 


45.2 Donated Kidney 


When the diagnosis of renal calculi in a potential donor 
kidney is made before transplantation, the potential donor 
typically has been turned away. With the use of computed 
tomography for the evaluation of living donors, the diagnosis 
of asymptomatic renal calculi increasingly is being made. 
Concern for the safety for the donor and recipient suggest 
that donation of such a kidney should be avoided, but small 
renal calculi detected incidentally (as opposed to those that 
are detected with evaluation directed toward symptoms of 
urolithiasis) in other settings are rarely associated with clini- 
cal progression. As such, a variety of management plans 
have been proposed to facilitate transplantation of stone- 
bearing kidneys from living donors. 
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Devasia and associates reported one case of shockwave 
lithotripsy of a small renal calculus in a potential donor kidney; 
the kidney was removed and transplanted 6 weeks later with a 
residual fragment of 4 mm.' These same authors also reported a 
case of surgical nephrotomy to remove a known calculus from 
an ex vivo kidney under ultrasonographic guidance. Surgical 
pyelotomy and removal of the stone using a flexible cystoscope 
has also been reported.’ In an effort to minimize risk to the 
donated kidney, our group prefers to remove renal calculi from 
the donor kidney ex vivo with a semirigid ureteroscope passed 
through the ureter after cold perfusion. We have reported such 
ex vivo ureteroscopy in 10 kidneys with small, solitary, unilat- 
eral, nonobstructing calculi. There were no complications owing 
to the stone removal. At mean follow-up of 36.4 and 33.2 months 
in donors and recipients, respectively, no new stones had 
formed.’ Finally, other investigators have reported transplanting 
living donor kidneys with known small stones and following the 
recipient conservatively. Of 18 such cases reported in three 
series, none of the recipients has required treatment, although 
mean follow-up is less than 2 years in all reports." 

Regardless of the method elected for management of the 
renal calculus in an intended donor kidney, certain criteria 
should be met by the donor to protect against leaving a poten- 
tial active stone former with only one kidney. Donors should 
be over 40 years of age, without a history of symptomatic 
calculi, with only one or two small stones in the affected 
kidney and no stones in the contralateral kidney. Additionally, 
a 24-h urine analysis for stone forming risks should be per- 
formed, and any potential donor with a significant metabolic 
risk factor for further stone formation should be excluded. 
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Unlike in living donors, preoperative renal imaging is not 
routinely performed for deceased donors.’ Consequently, an 
unknown renal calculus may occasionally be transplanted 
along with the allograft. This may be the source of renal trans- 
plant calculi in up to 60% cases.” This finding notwithstand- 
ing, routine renal imaging prior to harvesting kidneys from 
deceased donors may not be merited given the infrequency of 
this occurrence. 


45.3 De Novo Formation 


There are several predisposing factors for stone formation 
among transplant patients Secondary hyperparathyroidism 
is commonly found in chronic renal failure patients, and 
may result in hypercalciuria. In some patients there may be 
a tendency to decreased fluid uptake, out of a habit devel- 
oped after years of fluid restriction in patients on hemodialy- 
sis awaiting transplantation. Cyclosporine, an important 
immunosuppressant, can result in hyperuricosuria in about 
50%-60% of patients.’ Cyclosporine is also associated with 
a tubular effect that resembles distal renal tubular acidosis, 
such that it produces hypocitraturia.* Ureteral complications 
are the most common urologic complication of renal trans- 
plantation. If obstruction occurs gradually and is not 
detected, then urinary stasis might predispose to urinary cal- 
culi formation. Other potential causes of de novo formation 
of calculi in renal transplants include recurrent urinary tract 
infections and a foreign body nidus such as suture, staple, or 
forgotten stent.” 

Despite the aforementioned potential risk factors for 
urolithiasis formation in transplant kidneys, the incidence 
remains low since other factors appear to outweigh the 
potential lithogenic aspects of renal transplantation. The 
encouragement of a generous fluid intake in transplant 
patients, the delivery of all glomerular filtration through one 
kidney rather than two, and some degree of impairment of 
urinary concentrating ability combine to reduce the risk of 
stone formation. Dumoulin et al. compared 24-h urine sam- 
ples from 82 renal transplant patients on immunosuppres- 
sive treatment and good renal function with those from 82 
healthy subjects.'' Findings favoring renal stone formation 
included lower urinary citrate and greater urinary oxalate 
excretion in the transplant patients. As noted previously, the 
former owes to cyclosporine treatment. The latter is likely 
related to the excretion of significant body oxalate stores 
that developed over years of hemodialysis. Findings protect- 
ing against de novo stone formation were more numerous, 
however, including significantly greater urinary volumes, 
and lower levels of calcium and uric acid excretion. Overall, 
the calcium-oxalate saturation was not greater in renal trans- 
plant patients. These findings may explain, in part, the low 


de novo urolithiasis formation rate among patients with 
renal transplant. 


45.4 Clinical Manifestations 


Because the renal allograft is denervated, classic symptoms 
of renal colic are not expected, although some patients report 
mild discomfort in the iliac fossa containing the transplant 
kidney.'? Diagnosis is suspected when signs of obstruction 
occur, such as decreased urine output, increased serum crea- 
tinine level, fever, and hematuria.'* Presentation can be dra- 
matic, with acute renal failure. These signs mimic those of 
acute rejection, which may delay the diagnosis of 
urolithiasis." 

Radiological diagnosis of urinary calculi in the trans- 
plant kidney can be difficult. The sensitivity of plain 
abdominal radiography may be reduced by the majority of 
the transplant kidney and ureter being positioned in the 
bony pelvic, but some renal (Fig. 45.1) or ureteral stones 
may be visible. Ultrasonography is limited in sensitivity 
for small stones, but has reasonable accuracy for stones 
>5 mm (Fig. 45.2). Just as in the nontransplant patient, 
noncontrast computed tomography is the best and safest 
means for the detection of urinary calculus, sensitive for 


Fig. 45.1 A 2 cm pelvic stone in the lower pole of a transplant kidney 
in left iliac fossa (black asterisk) 
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An 11 mm stone in the lower pole of a transplant kidney 
visible on ultrasonography 


small stones in any location in the transplant kidney and 
ureter (Fig. 45.3a, b)." 


In general, the treatment of transplant kidney stones is similar 
to that of single kidney stone. All treatment techniques are of 
use, and generally have success rates similar to their use in 
nontransplant patients, with some caveats related to the pel- 
vic location of the kidney with a tortuous and abnormally 
inserted ureter. 


Since transplant kidneys are solitary and vulnerable for 
obstruction, and since the anatomy of the ureter and ure- 
terovesical anastomosis may not be predictable, observation 
in this setting is elected by only a few physicians. Klingler 
et al. justified the watchful-waiting approach, but only in 
patients with a known wide refluxed ureter, no signs of imp- 
aired function, and only for stones up to 4 mm in diameter. 
Close monitoring including urine output, weekly serum crea- 
tinine, and renal ultrasound is mandatory.” Results have been 
favorable in the series of known gifted urinary calculi noted 
previously,'*° but again, the follow-up is short. In another 
series of stones followed conservatively, one patient did 
require several treatments for stone growth.* 


Shockwave lithotripsy under close surveillance is a reason- 
able choice for small to medium size stones (S—15 mm), but 
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Noncontrast computed tomography. (a) Hydronephrosis of a 
transplant kidney in the right iliac fossa (white asterisk). (b) Obstructing 
stone in the ureter of the same transplant kidney 


there are technical challenges. Localization of the stone can 
be difficult due to the position of the kidney within the bony 
pelvis. The ureteral orifice can be difficult to access for 
placement of a stent or ureteral catheter, which some might 
consider. Additionally, potential complications of shockwave 
lithotripsy might be problematic in transplant kidney. 
Steinstrasse or other ureteral obstruction can be troublesome 
due to difficult retrograde cannulation of the ureter. The 
patient should be counseled that percutaneous access may 
be required if treatment fails or is complicated.'* In patients 
with obstructing calculi smaller than 15 mm, if obstruction 
(or potential obstruction) can be quickly addressed with a 
ureteral stent or nephrostomy tube, then shockwave lithotripsy 
is reasonable to consider. 

Challacombe and coworkers achieved a 100% stone-free 
rate on 13 patients with shockwave lithotripsy, eight of whom 
required multiple sessions. Of these patients, eight required 
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ureteral stent insertion before a second procedure and four 
required a nephrostomy tube to relieve obstruction.'° Klingler 
and associates treated seven patients with 5-15 mm stones by 
shockwave lithotripsy. Of the patients, three needed a neph- 
rostomy tube, but all become stone free within 15 days.’ 

It appears that shockwave lithotripsy is an effective treat- 
ment for transplant kidney stones up to 15 mm in size, but 
intensive monitoring of these patients is mandatory since this 
procedure involves a considerable risk of ureteral obstruction. 


45.5.3 Ureteroscopy 


Retrograde ureteroscopy is an appealing technique for the 
first-line treatment of transplant ureteral stones, and for 
stones after failed shockwave lithotripsy in renal transplant 
kidneys. It is less invasive than percutaneous nephrosto- 
lithomy, and more controlled than shockwave lithotripsy. 
The major difficulties associated with performing ureteros- 
copy in transplanted kidneys are the neoureterocystostomy 
that is usually located in the anterior bladder dome, a loca- 
tion that is hard to find and negotiate, and the torturousity 
and redundancy of the transplant ureter, which causes diffi- 
culty in advancing the ureteroscope up to the transplant kid- 
ney. The use of hydrophilic-coated guidewires through 
flexible cystoscopy and angled ureteral catheters are very 
helpful in gaining ureteral access. Antegrade (percutaneous) 
insertion of a guidewire can be used when retrograde access 
fails.'° Once in the kidney, the unusual orientation of the kid- 
ney can make caliceal access challenging; flexible uretero- 
scopes with an active secondary deflection can be useful in 
gaining access to caliceal stones. 

Del Pizzo and associates reported success in 13 of 14 
(93%) transplanted patients with ureteroscopy, including 
100% success in treating four patients with ureteral calculi. 
For diagnostic procedures these investigators used flexible 
ureteroscope and for stone treatment they used a semirigid 
ureteroscope. Ureteral perforation occurred in one patient." 
Basiri and coworkers described their experience with uret- 
eroscopic treatment of 28 renal transplant patients with ure- 
teral complication. They had a 68% success rate in the 
identification of the neoureterocystostomy and guidewire 
insertion, and successfully treated four out of six ureteral 
calculi. The only minor complications were urine leakage 
and infection, which were treated conservatively.'° 

If the neoureterocystostomy can be accessed, then uret- 
eroscopy appears to be a reasonable treatment for urinary 
calculi in transplant kidneys. The tortuous ureter precludes 
insertion of a ureteral access sheath, so the technique is 
primarily one of fragmentation to completion rather than 
fragment extraction. 


45.5.4 Percutaneous Nephrostolithotomy 


Because of the superficial position of the transplant kidney, 
nephrostomy drainage and percutaneous nephrostolithotomy 
are relatively straightforward. Percutaneous nephrostolitho- 
tomy is the treatment of choice for stone greater than 15 mm, 
mainly because it has the potential to remove all stone frag- 
ments in one procedure.'° The authors consider it to be the 
preferred treatment for all stones in excess of 5-10 mm. 
There are several technical considerations when performing 
percutaneous nephrostolithotomy on transplant kidneys. 
Loops of bowel may be interposed over the transplant kidney 
and may be punctured with percutaneous access, so the use 
of ultrasonography (as a replacement for, or at least adjunct 
to, fluoroscopy) is crucial. Scar formation around the trans- 
plant kidney may cause difficulties in the initial needle punc- 
ture and with balloon dilation of the tract. Coaxial metal 
dilators may be required." Finally, although “tubeless,” per- 
cutaneous nephrostolithotomies appear to be supported by 
good clinical data in most patients, in the abnormal and high- 
risk transplant kidney postoperative percutaneous nephros- 
tomy is recommended. 

Klingler and associates performed percutaneous nephros- 
tolithotomy in three transplant kidneys with large stones 
(mean 34 mm) using 27 F rigid nephroscopes and 14.5 F 
flexible cystoscopes. They reported a 100% stone-free rate 
with no complications.” Challacombe and coworkers reported 
their experience with three transplant patients with stones 
larger than 15 mm. Of the patients, two were rendered stone- 
free while one with a staghorn calculus required pyelolitho- 
tomy. Zhaohui He and associates used “mini-perc” to 
address stones in seven transplanted kidneys, using 8.5/11.5 
F semirigid ureteroscopes and 8/9.5 F flexible ureteroscopes 
through 16 F peel-away sheath.'’ The stones ranged in size 
from 0.6 to 40 mm. Stones were fragmented with a pneu- 
matic lithotripter or the holmium:YAG laser. Larger frag- 
ments were extracted and smaller ones were flashed out. All 
patients were rendered stone-free at one procedure, and there 
were no intraoperative complications. 

At our institution we have treated four patients with per- 
cutaneous nephrostolithotomy for renal stones, including a 
collection of eight 2-3 mm stones in one patient, two patients 
with solitary renal stones measuring 11 and 20 mm each, and 
one patient with a partial staghorn calculus. All patients were 
rendered stone-free with a single procedure (Fig. 45.4a, b). 
The only complication was ureteral obstruction in one 
patient, owing to a blood clot that occurred following removal 
of the nephrostomy tube on postoperative day 1, which 
required urgent ureteral stent placement. 

The percutaneous approach is also an excellent technique 
for managing ureteral calculi, with antegrade ureteroscopy. 
Only minimal tract dilation is required to pass a standard 
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Fig. 45.4 Percutaneous 
nephrostolithotomy. 

(a) Percutaneous access being 
attained in lower pole calyx of 
transplant kidney bearing a 2 cm 
calculus (same patient as 

Fig. 45.1). (b) Completion of 
percutaneous nephrostolithotomy, 
and placement of 8 Fr 
nephrostomy tube 


6.9 F flexible ureteroscope. Klingler et al. report on one 
patient that was successfully treated for distal ureteral stone 
using a flexible cystoscope through a percutaneous access 
site, after retrograde ureteroscopy failed.’ At our institution, 
we have experience with antegrade ureteroscopic treatment 
of an 8 mm obstructing ureteral stone in a renal transplant 
patient, with stone-free result and no complications. Since 
nephrostomy tube placement is often the acute treatment for 
ureteral obstruction in transplant kidney, the percutaneous 
access (which is arguably the most morbid part of the pro- 
cedure) is already in place and offers an excellent approach 
for flexible ureteroscopy and laser treatment of ureteral 
calculi. 

Percutaneous nephrostolithotomy and antegrade ureteros- 
copy are excellent treatments for larger renal stones and 
obstructing ureteral stones. It offers the best strategy for com- 
plete stone removal, at the price of greater invasiveness. “Mini- 
perc,” dilating the tract to a smaller width, is an attractive 
option for smaller calculi in transplant kidneys or ureters. 


45.6 Conclusions 


The principles of treatment of calculi in transplant kidney are 
similar to that of calculi in solitary kidneys. The major dif- 
ferences are the clinical manifestations and the anatomy. 
Since the treatment goal is stone-free status with one proce- 
dure with minimal morbidity and risk to the transplant 
kidney, advances in endoscopic equipment and techniques 
have shifted treatments from SWL to percutaneous 


nephrostolithotomy and ureteroscopy, as has happened with 
stone treatment in the general population. 
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Stents and Stenting 


Reem Al-Bareeq and John D. Denstedt 


Abstract Stents are typically placed to prevent or relieve ureteral obstruction caused by 
intrinsic or extrinsic etiologies. Stent design and biomaterials have improved in recent years 
from the first described double-J stent in 1978. The indications for placement of a ureteral 
stent include obstructing ureteral calculi, ureteral strictures, congenital anomalies such as 
ureteropelvic junction obstruction, retroperitoneal tumor or fibrosis, trauma and iatrogenic 
injury, and postoperative drainage. 

Although stents have several advantages, they are not without potential associated compli- 
cations. Recent advances in design and materials have been developed to produce an ideal 
urinary stent with minimal complications. The ureteral stent is a mainstay in the urologist’s 
armamentarium, and understanding the properties, indications, and complications is very per- 
tinent to providing optimal patient care. This chapter will address these issues along with 


recent advances for ureteral stents. 


46.1 Introduction 


The ureteral stent has been an essential tool in contemporary 
urologic practice for more than 3 decades. Stents are a com- 
mon device in our daily urologic practice with numerous 
indications. They are typically placed to prevent or relieve 
ureteral obstruction caused by intrinsic or extrinsic etiolo- 
gies. Stent design and biomaterials have improved in recent 
years from the first described double-J stent in 1978.' The 
word stent is defined as “a device used to support a bodily 
orifice” or “a slender thread, rod, or catheter inserted into a 
tubular structure, such as a blood vessel to provide support 
during or after anastomosis” in Webster’s dictionary. It was 
Montie et al. who incorporated the word “stent” into the uro- 
logic literature when they defined the term: “an intraluminal 
device to maintain patency until healing has taken place.” 

The indications for placement of a ureteral stent include 
obstructing ureteral calculi, ureteral strictures, congenital 
anomalies such as ureteropelvic junction obstruction, retro- 
peritoneal tumor or fibrosis, trauma and iatrogenic injury, 
and postoperative drainage. 
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Although stents have several advantages, they are not 
without potential associated complications. Recent advances 
in design and materials have been developed to produce an 
ideal urinary stent with minimal complications. The ureteral 
stent is a mainstay in the urologist’s armamentarium, and 
understanding the properties, indications, and complications 
is very pertinent to providing optimal patient care. This chap- 
ter will address these issues along with recent advances for 
ureteral stents. 


46.2 History of Stents 


Urinary tract stents and catheters were documented centuries 
ago in ancient Egypt using lead and papyrus catheters.* They 
were developed to facilitate upper tract drainage and main- 
tain luminal patency. In the nineteenth century, Gustav 
Simon performed the first case of ureteral catheterization, 
which subsequently in the early 1900s, Joaquin Albarrano 
developed for specific use in the ureter.* The era of plastics 
allowed a vast array of materials to be considered for devel- 
opment of a “suitable” stent, which would be more rigid and 
easier to place. Tulloch reported using polyethylene tubes to 
allow healing of ureters and fistulas in patients.” However, 
these stents were not ideal as they were associated with 
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significant bladder irritation, infection, encrustation, and 
migration.® 

Silicone stents were used in 1967 by Zimskind et al. for 
malignant ureteral obstruction and demonstrated less encrus- 
tation than other materials.’ The problem of migration of 
these straight catheters was addressed by Gibbons et al. with 
their stents having distal flanges and sharply pointed barbs.* 
In 1978, the solution to migration was resolved by the devel- 
opment by Finney of the well-known double-J stent using 
proximal and distal J-shaped hooks.’ 


46.3 Stents: Design and Materials 


Stent design and materials have continued to evolve due to 
the advances in technology and the creativity of surgeons 
and scientists. The ideal stent characteristically should be 
biocompatible, radiopaque, easy to insert, resistant to encrus- 
tation and infection, and cause little discomfort to the patient. 
Unfortunately, a stent that encompasses all these criteria has 
yet to be developed. 


46.3.1 Stent Materials 


A biomaterial is a natural or synthetic material that interfaces 
with human tissue during clinical treatment.” The modern 
ureteral stent is composed of synthetic polymeric biomateri- 
als, which have biocompatible features. The basic attributes 
of a ureteral stent were outlined by Mardis et al. in their com- 
parative study of materials for internal ureteral stents.'° They 
concluded that ease of insertion, effective restoration and 
maintenance of flow, resistance to migration, significant bio- 
durability, and biocompatibility are the most important prop- 
erties of an ideal stent. 

Indwelling ureteral stents are often associated with sig- 
nificant patient morbidity. However, the mechanism behind 
these problems is poorly understood and whether the physi- 
cal properties of the stent play a role is still undetermined." 

The modern stents are commonly composed of synthetic 
polymeric compounds including polyurethane, silicone, 
Silitek® (ACMI, Southborough, Mass), C-Flex® (Consoli- 
dated Polymer Technologies, Clearwater, FL), Percuflex® 
(Microvasive Urology/Boston Scientific, Natick, MA), 
Tecoflex® (ACMI), and metals.'” 

C-Flex is a silicone-modified styrene/ethylene/butylene 
block thermoplastic copolymer. Silitek is a second-genera- 
tion proprietary polyester copolymer that followed silicone 
and polyurethane. Percuflex is a proprietary olefinic block 
copolymer, which becomes soft and flexible at body 


temperature, as well has great memory and strength. Various 
types of ureteral stents were developed to provide all the 
properties of strength, flexibility, low surface friction, 
radiopacity, biodurability, biocompatibility, and reasonable 
unit cost.!? However, standardized testing of these materials 
has not been achieved, which creates difficulty when com- 
paring the different types of stents. Hendlin et al. evaluated 
coil strength before and after urine exposure and the stiffness 
of commercially available double-J ureteral stents.'* Twelve 
available 6F ureteral stents were tested for coil strength, and 
ten different stents were tested for tensile strength. A signifi- 
cant variability was found among the same type of stents 
from different lots with regard to stent stiffness. 

Generally, it is perceived that polymers that are soft are 
better tolerated by patients. There are some data assessing 
the impact of stent composition on the degree of stent-related 
symptoms. Bregg and Riehle found no association between 
the degree of symptoms and stent composition, style, and 
length in 50 patients who had ureteral stents inserted for 
shock wave lithotripsy (SWL).'° Pryor et al. compared four 
types of stents on 74 patients, which showed no difference in 
the incidence and severity of irritative symptoms among the 
different stent types.'° The only prospective randomized 
study by Lennon comparing “firm” and “soft” ureteric stents 
demonstrated a higher incidence of renal pain, suprapubic 
pain, and dysuria with a firm stent.” However, Joshi et al. 
showed no difference in quality of life in their prospective 
randomized study between ureteral stents composed of firm 
or soft polymers in 130 patients.!* 

Metallic biomaterials for ureteral stents were introduced 
by Gort et al. for managing a ureteroileal stricture." Metal 
stents were developed for long-term use in malignant extrin- 
sic/intrinsic obstruction and strictures where encrustation 
and infection were a constant problem. Metallic stents are 
currently composed of superalloy titanium or nickel/titantum 
mixed alloys.” The alloy of nickel and titanium (nitonol) 
stent, the Memokath 051, has a special “shape memory” fea- 
ture that allows it to soften at <10°C but regains its original 
shape when re-warmed to 55°C. This feature makes the stent 
easier to insert and remove, unlike the meshed counterparts. 
All the meshed stents allow urothelial ingrowth and would be 
incorporated into the wall of the ureter, leading to occlusion 
of the stent within weeks due to endothelial hyperplasia.”! 

A novel concept of using biodegradable materials for ure- 
teral stents intended for short-term use has been introduced. 
The discomfort of stent-related symptoms and retrieval by 
endoscopy would be minimized by developing a material that 
would undergo a dissolution process followed by spontane- 
ous expulsion. The most common materials used in biode- 
gradable stents are high molecular weight polymers of 
polyactic and poly-L-glycolic acid. Lingeman et al. con- 
ducted a phase II clinical trial using a proprietary temporary 
ureteral drainage stent (TUDS, Microvasive/Boston Scientific) 
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in 87 patients after uncomplicated ureteroscopy.” Stents 
maintained adequate positioning successfully for at least 48 h 
in 81% of patients. Eight patients had previous experience 
with a traditional stent in a prior procedure and were given 
questionnaires comparing the comfort levels of the standard 
and temporary stents. Traditional stents received a higher dis- 
comfort score than the temporary stents: 4.4 versus 7.4; scale 
1 (extremely uncomfortable) to 10 (very comfortable). The 
issue needing further research is the variability in degradation 
times of these stents. In this study, three patients of 87 had 
retained fragments longer than 3 months, necessitating ancil- 
lary procedures such as SWL or ureteroscopy. 


46.3.2 Stent Design 


Finney developed the well-known double-J stent in 1978, 
and this design represents the original silicone closed-tipped 
stent.’ Various stent manufacturers produce a basic double-J 
stent; however, designs and compositions differ with claims 
of better drainage, improved extraluminal flow, or less irrita- 
tive symptoms, and reduced encrustation and infection. 
There are numerous novel stent designs that have been devel- 
oped over the years, each of which is discussed as follows. 


46.3.2.1 Grooved Stents 


Grooved stents were developed to improve extraluminal flow 
in cases of post-lithotripsy or holmium laser fragmentation 
by incorporating grooves spiraling down the exterior length 
of the stent. Two examples of such stents are the Towers 
peripheral stent by Cook Urological and the Lithostent 
(ACMI). 


46.3.2.2 Spiral Stents 


The challenge of chronic ureteral obstruction due to tumor 
compression is achieving adequate internal drainage for the 
urinary tract. Spiral stents were developed using polyure- 
thane with a built-in metal spiral wire to maintain patency. 
Tschada et al. developed the first spiral-reinforced ureteral 
stent and reported their initial clinical experience in 14 
patients with chronic ureteral obstruction.” Stoller et al. 
assessed the flow through and around spiral stents with metal 
wire ridges on the exterior and smooth-walled double-J stents 
in an in vitro mechanical ureteral model and found that spi- 
ral-ridged JJ stents provided substantially greater flow along 
with markedly increased extraluminal flow.” The 7F spiral- 
ridged stents demonstrated greater drainage both around the 
stent and through the ureter compared with standard stents 
with the same diameter. 


46.3.2.3 Meshed Stents 


To overcome this issue of irritative symptoms that plague the 
patient with a stent and preserve adequate urinary drainage, 
the lightweight, self-expanding mesh stent was developed. 
Olweny et al. found that the flow rates through mesh stents 
were greater than standard stents at both | and 6 weeks in a 
porcine model.” However, the inflammation along the uri- 
nary tract was not significantly different between the two 
stents when blinded histopathologic analysis was performed 
on kidneys, ureters, and bladder. 


46.3.2.4 Tail Stents 


The design of the Tail® stent (Microvasive Urology/Boston 
Scientific) is similar to the standard pigtail stent with a 6F 
or 7F shaft that tapers to 3F closed tip tail at the distal end. 
The theory in developing this stent design was to reduce 
stent-related bladder irritability. Two randomized clinical 
studies have assessed the Tail stent in comparison to other 
drainage devices in regards to symptoms. Dunn et al. per- 
formed a randomized single-blinded trial comparing Tail 
stents to the standard 7F double-J stent in 60 patients.*° Tail 
stents produced significantly fewer irritative voiding 
symptoms. 


46.3.2.5 Dual-Durometer Stents 


Dual-durometer stents are constructed of two different bio- 
materials. At the renal end, the stent is composed of a firm 
biomaterial that transitions to a soft biomaterial at the blad- 
der end, which is believed to be better tolerated than harder 
stents.'' The firm biomaterial at the renal end facilitates stent 
placement and reduces stent migration. Two stents developed 
with this design are the Sof-Curl (ACMI) and the Polaris 
(Microvasive Urology/Boston Scientific). 


46.3.2.6 Magnetic-Tipped Stents 


Retrieval of stents can be troublesome for most patients since 
it entails another endoscopic procedure if the stent is not 
tethered. Cost increases significantly when the additional 
procedure of removing the stent is necessary. Netto et al. 
determined the average cost per patient undergoing uncom- 
plicated ureteroscopy without a stent was $1,830.89.” The 
cost increased to $2,445.31 in patients who underwent stent 
placement with a suture for self-removal. When cystoscopy 
was done for removal of the stent, the cost of ureteroscopy 
increased to $3,727.82 per patient. 

To eliminate the morbidity associated with cystoscopic 
removal of stents, the magnetic stent, Magnetip (ACMI), was 
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first developed in 1989 by Maculuso et al.” Recently, Taylor 
and McDougall revisited this concept by developing a more 
powerful rare-earth magnet attached to the retrieval 
catheter and a stainless steel bead on the stent.” The stent 
was successfully retrieved in 97% of patients with no 
complications. 


46.3.2.7 Other Designs 


Specialized stents used for upper tract drainage and ureteric 
healing after endoureterotomy/endopyelotomy have been 
developed, and incorporate a tapered diameter and no 
sideports to prevent ingrowth of the ureteral wall. 

Lighted stents have been used for identification of the ure- 
ter in laparoscopic/open surgical procedures; i.e., general 
surgery and gynecology. The application of such stents pre- 
vents the iatrogenic ureteric injuries that potentially compli- 
cate these procedures.” 


46.3.3 Stent Coatings 


The principle of coating ureteral stents is to (1) prevent or 
minimize biofilm formation, (2) decrease stent-induced 
inflammatory reactions, (3) decrease stent-related symptoms 
to promote comfort in the patient, (4) easy insertion and 
retrieval, and (5) prevent encrustation deposition on the stent. 
Existing products do not encompass all of these features, 
although there has been substantial development in this 
area.? 1 

A biofilm is a layer of extracellular matrix, protein, 
and glycocalyx that forms on the surface of all devices 
placed in the urinary tract. The biofilm facilitates adher- 
ence of bacteria to the stent. Up to 100% of patients with 
indwelling stents, depending on indwelling period, show 
ureteral stent colonization. The common pathogens 
identified are Escherichia coli and Enterococcus species 
and to a minor extent, Staphylococcus species, Pseudomo- 
nas, and Candida.***° 

The most commonly used coating for ureteral stents is 
hydrogel, which is composed of a hydrophilic polymer that 
traps water within the polyanionic structure of its surface 
layers. The added surface water is very effective in reducing 
the coefficient of friction, which allows improved ease of 
insertion and increased biocompatibility by minimizing fric- 
tional irritation and cell adhesion at the biomaterial—tissue 
interface. ' 

Newer hydrophilic coatings have been developed such as 
polyvinylpyrrolidone coating applied to polyurethane.’ The 
authors found a decrease in both hydroxyaptite encrustation 
and adherence of a hydrophobic Enterococcus faecalis 


isolate in an in vitro model. Another similar coating shown 
to have less encrustation and colonization by bacterial bio- 
film is the phosphorylchorine group.** These novel coatings 
show promise in reducing the morbidity associated with 
infected and encrusted stents. 

Heparin-coated stents/prostheses have been adopted from 
interventional cardiology to prevent biomaterial encrusta- 
tion. Ureteral stents coated with heparin-like polysaccharides 
did not show any biofilm formation or encrustation after 6 
weeks.” 

Coating stents with oxalate-degrading enzymes derived 
from Oxalobacter formigenes have been evaluated by 
Watterson et al. in a rabbit implantation model.*” The authors 
found less encrustation on enzyme-coated silicone disks 
compared to control disks after 30 days implantation in an 
infected rabbit bladder model. 

A new strategy to improve the surface properties of ure- 
teral stents incorporates plasma-deposited diamond-like 
amorphous carbon coatings (DLC) to decrease the formation 
of crystalline bacterial biofilm and stent-related side effects.*! 
DLC is a thermodynamically meta-stable state of carbon 
with both diamond-like and graphite-like bonds and has 
exceptional biocompatibility. The advantages of this coating 
are the potential for reduced encrustation and less patient 
morbidity. DLC can be used to coat virtually any surface, 
and further investigation is warranted. 


46.4 Indications 


The indications for ureteral stent placement are constantly 
evolving with new trials evaluating specific circumstances. 
However, there are absolute indications for stent insertion 
which include relief of obstructed pyelonephritis, bilateral 
ureteral obstruction, obstruction of solitary functioning kid- 
ney, ureteric injuries (perforation/transection, avulsion or 
after repair) and post-treatment of urolithiasis (SWL or uret- 
eroscopy) in patients with solitary kidney. 

Relative indications include the relief of pain associated 
with ureteral obstruction and for relief of renal colic during 
pregnancy, significant ureteral edema evident at completion 
of ureteroscopy, or high expectancy of ureteral obstruction 
and pre-SWL to prevent ureteral obstruction from stone 
fragments. 

There is increasing evidence supporting the idea that rou- 
tine stent placement after uncomplicated ureteroscopy is 
unnecessary.” Routine stenting after ureteroscopy was 
commonplace since stones in the ureter can cause significant 
edema or mucosal inflammation at the location of a stone. 
Stents can prevent the expected edema-induced ureteral 
obstruction from the stone or instrumentation with balloon 
dilation. Balloon dilation of the ureter causes persistent 
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edema and upper tract obstruction up to 96 h, as demon- 
strated in animal models. This section will delineate the use 
of stents in special circumstances and the controversies sur- 
rounding them. 


46.4.1 Stent Use in SWL 


The routine practice of placing ureteral stents before shock 
wave lithotripsy (SWL) for stones larger than 10 mm remains 
commonplace. The advantage of their placement would be to 
prevent obstruction from stone fragments that would poten- 
tially lead to pain and/or infection. The European Association 
of Urology (EAU) urolithiasis working party recommended 
the placement of a stent prior to SWL with stones >20 mm in 
diameter to obviate the possible obstruction by steinstrasse 
(street of stone).*! 

Stent placement accompanying SWL remains controver- 
sial with proponents advocating decreased complication 
rates in stented patients*°* while others found no 
difference.**° 

Al-Awadhi et al. advocated for beneficial effects of pre- 
SWL stenting in a study of 400 patients with a stone between 
1.5 cm and 3.5 cm.” Patients were randomized to receive a 
stent or no stent and assessed for the rate of steinstrasse 
(13%) compared to the stented group (6%). In contrast, 
Preminger et al. and Bierkens et al. found no difference in 
the rate of steinstrasse following SWL in either stented or 
nonstented patients.***° 

Decreased stone-free rates for patients with stents under- 
going SWL are debatable as well. Ryan et al. proposed in an 
experimental study that ureteral stents impair ureteral peri- 
stalsis, which impedes stone clearance. This theory is fur- 
ther supported by Abdel-Khalek et al. study of 938 ureteral 
stones treated with in situ SWL.” The authors demonstrated 
a significant decrease in the stone-free rate in patients who 
had pre-SWL stenting. However, other studies comparing 
stented and nonstented patients for SWL showed no differ- 
ence in stone-free rates." 

In situ SWL without stenting for obstructing ureteral 
stones has become an attractive treatment option. Several 
studies have demonstrated equivalent or better clearance 
rates in nonstented patients without  stent-related 
morbidities. Even moderately or severely obstructed 
urinary tracts with stones 2 cm or smaller can be managed 
without stenting and in situ-SWL, as demonstrated by 
El-Assmy et al. in a prospective randomized clinical trial. 
There was no Statistical difference in re-treatment rate, 
flank pain, or temperature in 164 patients who were 
randomized to have a stent prior to shock wave lithotripsy 
and no stent for ureteral stone causing moderate or severe 
hydronephrosis.” 


46.4.2 Stents for Drainage 


One of the more urgent complications of calculus disease is 
obstructive pyelonephritis. It is a serious indication for ureteral 
stenting to avoid risk of renal loss and high mortality rate. The 
need for emergency decompression of the collecting system 
can be managed by ureteral stenting or percutaneous nephros- 
tomy (PCN). However, the most efficient drainage method to 
relieve obstruction and drain infected urine is controversial. 

Advocates of percutaneous drainage of the obstructed 
infected kidney propose several advantages over ureteral stent 
placement in that the larger external tube is suitable for moni- 
toring urine output and avoids manipulation of the obstructed 
ureter that potentially can perforate, exacerbating the infec- 
tion.“ Another advantage is the procedure can be done 
under local anesthesia in an interventional radiology suite. 

Proponents of ureteral stent placement cite greater patient 
comfort with an indwelling stent compared to the bother- 
some external tube of the nephrostomy. Mokhamalji et al. 
supported the opinion that PCN was superior to ureteral 
stents for drainage of hydronephrosis caused by stones.®°A pro- 
spective randomized trial compared successful completion 
of procedure, X-ray exposure, analgesic requirement, and 
quality of life between patients with PCN and ureteral stents. 
The PCN group had a higher success rate for completion of 
procedure and shorter X-ray exposure. The stented group 
required more frequent analgesia and had more pronounced 
deterioration in quality of life. Only 80% of patients were 
stented successfully in the second group. 

A randomized comparison to determine the optimal 
method of urgent decompression of the collecting system for 
obstruction and infection due to ureteral calculi by Pearle 
et al. noted that neither modality, PCN, or ureteral stent was 
superior in promoting more rapid recovery after drainage.” 
The authors demonstrated a higher cost value for ureteral 
stent placement (US $2,400 versus $1,110 for PCN), which is 
attributed to the general anesthesia and operating room costs. 
According to the findings, the authors suggested the choice of 
drainage procedure can be individualized according to the 
patient, institutional characteristics, and surgeon preference. 


46.4.3 Stents Post-ureteroscopy 


The standard of care has been to routinely place a ureteral 
stent following ureteroscopy to prevent the potential ureteral 
obstruction from stone fragments and edema or mucosal 
inflammation caused by the stone and instrumentation. 
Although stents have several possible advantages, they may 
be associated with significant morbidity. Several studies have 
questioned the routine practice of ureteral stent placement in 
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uncomplicated ureteroscopy and assessed the related mor- 
bidities to the patient. 

Two recent meta-analyses have addressed the issue 
whether the presence or absence of a stent is associated with 
postoperative complications after ureteroscopy.°”®* Nabi 
et al. reviewed nine randomized controlled prospective trials 
with 831 participants to investigate the potential beneficial 
and adverse effects of routine ureteric stent placement after 
ureterscopy.°’ Outcome measures of interest were pain rated 
by patients on a validated scale, need for analgesia, lower 
urinary tract symptoms, unplanned medical visits or admis- 
sion to hospital, complications related to the stent (e.g., 
migration, encrustation, fragmentation, ureteric erosion, and 
fistulas), return to normal physical activities, participants’ 
satisfaction, health economics, and health-related quality of 
life. These trials were conducted in eight countries and pub- 
lished between 2001 and 2004. Seven studies had varying 
stone location, and most ureteroscopies were done on outpa- 
tient basis. There was heterogeneity in the trials in regards to 
ureteroscope sizes, intracorporeal lithotripsy devices, post- 
operative analgesia, and outcome assessment and reporting. 

The authors’ principal findings were that stenting after 
ureteroscopy is associated with increased lower urinary tract 
symptoms such as dysuria, frequency, or urgency. Unplanned 
medical visits and admissions to hospital were more common 
in the group without stents, though the difference was not 
significant. There was no significant difference between the 
groups with and without stents in the postoperative analgesic 
requirement, urinary tract infection, stone clearance rates, 
and ureteric stricture formation. They could not ascertain 
whether there was a difference in postoperative pain between 
the two groups since there were few studies reporting this. 

These studies debate the necessity of stenting after 
ureteroscopy, the controversy continues until there is standard- 
ization in measurement outcomes and reporting methods. 
Also, the lack of a clear definition of uncomplicated ureteros- 
copy creates difficulty in distinguishing the appropriate setting 
for not placing a ureteral stent. Objective criteria to substanti- 
ate the edema after ureteroscopy are unavailable. Denstedt 
et al. have suggested that free flow of contrast into the bladder 
on retrograde pyelography will rule out any edema or perfora- 
tion that would necessitate ureteral stent placement.” 

Makarov et al. identified ten randomized trials with a total 
of 891 patients that examined the postoperative complica- 
tions after ureteroscopy with and without stent placement.” 
The authors found a 4% lower occurrence of urologic com- 
plications in patients undergoing ureteral stent placement 
after ureteroscopy; however, this was not statistically signifi- 
cant due to the heterogeneity of the data. 

A common problem for the two meta-analyses was the 
undefined term of “uncomplicated” ureteroscopy. There are 
no clear criteria to date that identify the suitable candidate 
for stentless ureteroscopy. Hollenbeck et al. retrospectively 


evaluated the clinical characteristics affecting postoperative 
morbidity in 219 unstented patients.” The authors found 
several factors including renal pelvic location, lithotripsy, 
bilateral procedures, history of urolithiasis, diabetes mellitus, 
recurrent/recent infection, operative time 45 min or greater 
plus lithotripsy or with ureteral dilation. This study creates a 
platform for future prospective trails to validate a suitable 
criteria for selection of patients for stentless ureteroscopy. 
There still remains absolute indications for stent place- 
ment after ureteroscopy for stone extraction that include a 
history of renal failure, a solitary kidney, a transplant kidney, 
and a significant perforation or injury to the ureter during a 
procedure. Relative indications are significant ureteral edema 
at the completion of ureteroscopy, pregnancy, initial stone 
burden greater than 2 cm, a long-standing impacted stone, 
high-grade preoperative obstruction, balloon dilation of 
distal ureter, recent history of urinary tract infection or sepsis, 
and any patient with imminent postoperative travel plans.”° 


46.5 Complications 


Although the ureteral stent has numerous advantages, it is 
not void of considerable morbidity to the patient. Major 
complications include infection, pyelonephritis, stent frac- 
ture, ureteral erosion, fistulas, hematuria, encrustation, flank 
pain, irritative voiding symptoms, suprapubic pain, and 
migration.” ° Up to 90% of patients will experience trou- 
blesome voiding symptoms related to the indwelling stent.” 
4-50 Several randomized studies demonstrated significantly 
more postoperative flank pain, bladder pain, lower urinary 
tract symptoms, and overall pain in the stented patients com- 
pared to nonstented patients following ureteroscopy. 

The quality of life of stented patients is significantly 
affected by the indwelling ureteral stent. Joshi et al. devel- 
oped and validated the Ureteral Stent Symptom Questionnaire 
consisting of 48 items and examines six criteria: pain, void- 
ing symptoms, work performance, sexual health, overall 
general health, and additional problems. The authors demon- 
strated that 76% of patients had urinary symptoms, 70% had 
pain severe enough to require significant analgesics, 42% of 
patients had to reduce their activities by 50%, and patients 
felt less healthy in general.” 

The stent-related symptoms have not been attributed to any 
certain factor such as stent characteristics or insertion tech- 
niques and positioning of the proximal and distal ends of the 
double-J stents.” However, Al-Kandari et al. demonstrated 
that the longer stents significantly caused more urgency and 
dysuria, so placing the correct length is essential” 

To address the irritative bladder pain induced by ureteral 
stents, research has gone into instillation of intravesical drugs 
or intravesical submucosal injections. Beiko et al. assessed the 
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safety and efficacy of intravesical instillation of oxybutynin, 
alkalinized lidocaine, or ketorolac compared to control solu- 
tion of normal saline for ureteral stent symptoms.” These 
drugs were instilled immediately after insertion of stents in 42 
patients who were randomized into four groups. Ketorolac 
appeared to be the most effective intravesical agent in reduc- 
ing discomfort and could be further used as an agent that can 
be loaded on to ureteral stents. A recent randomized controlled 
study suggested that stent symptoms may be minimized by 
intravesical submucosal injection of ropivacaine before uret- 
eroscopy in 22 patients requiring stents.” This novel idea was 
inspired by recent application of botulinum toxin to improve 
voiding dysfunction via cystoscopic intravesical injection. 

The “forgotten” encrusted stent can be a challenge for the 
most skillful endourologist. Large stone formation around 
the stent can require a combination of approaches via percu- 
taneous or ureteroscopic route. The dilemma is tackling this 
problem appropriately and not causing further damage such 
as breakage of the stent along with ureteral injury or ureteral 
avulsion. Some patients may need multiple procedures 
including SWL, ureteroscopy with or without laser litho- 
tripsy, PCNL, and cystolitholapaxy.”*! 

Usually encrustations associated with retained stents are 
only seen after 3 months of indwelling time.® Risk factors 
for an encrusted ureteral stent include long indwelling times, 
poor compliance, sepsis, pyelonephritis, chronic renal fail- 
ure, recurrent or residual stones, lithogenic history, metabolic 
abnormalities, congenital renal anomalies, and malignant 
ureteral obstruction with associated chemotherapy and 
hyperuricosuria.** 

The management costs of a “forgotten” stent are consid- 
erable and can be easily prevented by accurate tracking and 
recall of these devices. Recently, computerized stent moni- 
toring software systems have been made to alert urologists 
when the stent is due for removal. McCahy and Ramsden 
reported a reduction in late stent removal from 3.6 to 1.1%.** 
Ather et al. had similar results with their computer database, 
which resulted in reduced rate of overdue stents from 12.5 to 
1.2%. Lynch et al. developed and implemented an elec- 
tronic stent register (ESR) and a stent extraction reminder 
facility (SEFR) at St. Georges Hospital, UK.*° The program 
utilized bar-code technology for stent registration and e-mail 
notification to the urologist when the maximum stent life 
(MSL) has been reached. In 251 stents recorded, 49% were 
removed after the intended removal date although it was 
before the date considered to be overdue (>4 weeks). 


46.6 Recent Advances 


The recent advances in ureteral stent biomaterial, design, and 
coating will be discussed in detail in this section. 


46.6.1 Drug-Eluting Stents 


The concept of incorporating stents with pharmacological 
agents that are released continuously was started in the field 
of cardiology using paclitaxel and sirolimus to reduce 
restenosis rates after angioplasty and stent insertion.*’ 
This principle was applied to ureteral stents using paclitaxel 
in the hope of reducing the hyperplastic reaction of the 
urothelium. Liatsikos et al. reported favorable results in 
paclitaxel-eluting stents in the ureter of a porcine model.™ 
The stent demonstrated a mild inflammatory reaction with- 
out hindering ureteral patency compared to bare metal stents 
that caused more hyperplastic reaction. 

Stents could be loaded with various active compounds 
such as antibiotics, analgesics, antispasmodics, or agents to 
reduce patients’ symptoms. 

Another recent development in combating stent encrusta- 
tion and infection is the triclosan-loaded Triumph stent, an 
antimicrobial commonly found in antibacterial soaps, tooth- 
pastes, and plastic products. Cadieux et al. demonstrated sig- 
nificant decrease in Proteus mirabilis growth and survival in 
rabbit urinary tract infection model compared to those in 
controls.” A clinical trial using triclosan-eluting stents 
in patients requiring long-term stents has been completed, 
and further evaluation of this stent for short-term use is ongo- 
ing at the authors’ institution. There is research being 
conducted into loading stents with analgesics such as Toradol 
and lidocaine to reduce the irritative symptoms related to 
stents. 


46.6.2 Tissue-Engineered Stents 


Although tissue-engineered stents is in its infancy, it has 
great potential to improve the biomaterials of ureteral stents. 
The main advantage of such a biomaterial is its excellent bio- 
compatibility with ureteral tissue. Amiel et al. successfully 
created cartilaginous stents in vitro and in vivo using chon- 
droyte-seeded polymer matrices.”! 


46.7 Conclusions 


Further research and newer technology will allow refine- 
ments to the biomaterials for ureteral stents and improve- 
ments to its design. The ideal stent is still to be developed 
and efforts in this field are continuing toward this goal. 
Novel concepts have been developed although they are 
being further evaluated to implement them in the clinical 
setting. 
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Flexible Ureterorenoscopy: Tips and Tricks 


Olivier Traxer 


Abstract Flexible ureterorenoscopy is rapidly becoming a major part of the urologist’s 
therapeutic armamentarium. As with any sophisticated new technique, the operator must have 
a detailed knowledge of the features of the equipment, and perfect control of the instruments 
used. Over the past 2 decades flexible ureterorenoscopes (F-URS) continue to evolve and 
improve significantly including F-URS design, deflection capabilities, irrigation flow, imaging 
equipment, and durability. Due to these recent developments, endourologists have expanded 
the clinical indications for flexible ureterorenoscopy. The purpose of this chapter is intended to 
thoroughly familiarize the prospective user with tips and tricks for flexible ureterorenoscopy, 
step by step, through the setup for the procedure and the handling of the F-URS for the man- 
agement of calculi, tumors of the upper urinary tract, caliceal diverticuli, and strictures. 


47.1 Introduction 


Flexible ureterorenoscopy is rapidly becoming a major part of 
the urologist’s therapeutic armamentarium. As with any sophis- 
ticated new technique, the operator must have a detailed knowl- 
edge of the features of the equipment, and perfect control of the 
instruments used. Over the past 2 decades flexible ureteroreno- 
scopes (F-URS) continue to evolve and improve significantly 
including F-URS design, deflection capabilities, irrigation flow, 
imaging equipment, and durability (Table 47.1). Due to these 
recent developments, endourologists have expanded the clinical 
indications for flexible ureterorenoscopy.4°1)53738-4.47 

The purpose of this chapter is intended to thoroughly 
familiarize the prospective user with tips and tricks for flex- 
ible ureterorenoscopy, step by step, through the setup for the 
procedure and the handling of the F-URS for the manage- 
ment of calculi, tumors of the upper urinary tract, caliceal 
diverticuli, and strictures.” 


47.2 Theater Setup and Patient Positioning 


As for all surgical procedures, setup is paramount and 
encompasses the patient, the equipment (laser, C-arm video 
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tower), and the surgeon. The setup is the responsibility of the 
surgeon and should not be done by anybody else. 


47.2.1 General Layout of the Operating 
Theater 


The patient is usually put in the dorsal lithotomy position 
and patient’s lower legs are bent outward (<90). Pressure 
points must be protected. The surgeon should stand between 
the legs of the patient, with his assistant behind him. The 
anesthetists are at the head of the patient. Intravenous seda- 
tion is possible in case of a diagnostic operation. Usually, it 
is recommended to work under general anesthetic. The urine 
must be sterile: Urinalysis to rule out a coexisting urinary 
tract infection (UTI) is an essential part of the preoperative 
workup. Prophylactic antibiotics should be administered. 
Our usual setup (Fig. 47. 1a): 


° The instrument table (T) is placed under the patient’s lower 
left leg at the same level as the buttocks. This allows the 
surgeon to align all the instruments and the ureterono- 
scope level with the patient, without having to involve his 
or her assistant. 

e The endoscopy tower (V) and the fluoroscopy screens (R) 
are placed on the right of the patient (to the left of the 
surgeon). 

e The screens V and R should be side by side. 
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Table 47.1 Characteristics of new-generation flexible URS 


Length Distal tip Midshaft Proximal Field of Angle of Working Deflection 
(cm) diameter (Fr) diameter (Fr) Diameter (Fr) view (°) visualization (°) channel (F)  ventral/dorsal (°) 
Olympus 67 5.9 8 8.9 85 0 3.6 275/180 
URFPS 
Karl Storz 67 6.5 eS) 8.4 88 0 3.6 270/270 
FLEX-X2 
WOLF Viper 68 6 TS 8.8 85 0 3.6 270/270 
Gyrus-ACMI 64 6.75 8.7-9.4 10.1 80 9 3.6 270/180 
DUR8 Elite 
Gyrus-ACMI 65 8.7 9.3 10.9 80 0 3.6 250/250 
DUR-D 
Olympus URF-V 67 9 9.5 10.9 85 0 3.6 275/180. 


e The C-arm control unit (A) is placed on the left of the 
patient (to the right of the surgeon). 

e The X-ray tube is placed underneath the operating table. 

e The C-arm, covered by a sterile drape, is placed just above 
the patient. 

e The laser unit (L) is put behind and against the instrument 
table. 


Figure 47.1b and c describes other types of setups. 

If the standard setup is not possible due to the layout of 
the operating theater or due to a lack of space, it is possible 
to use the control screens V and R on either side of the 
patient. Or better still on a table above the patient. This 
allows the surgeon to keep right without moving the trunk.’ 


47.2.2 Position of the Surgeon 


It is essential that the surgeon is as comfortable as possible. 
He can operate standing up or sitting down (Fig. 47.2). If he 
operates in the standing position, a right-handed surgeon is 
recommended: 


e To keep his back propped up against the patient’s right thigh. 

e To stand up st458raight and fix the operating table at an 
appropriate height. 

e To keep his elbows near his body. 

e To stand less than 50 cm from the pubis. 


The control pedals of the Fluroscopy (R) and the Laser (L) 
are placed under the Surgeon’s right foot.” 


47.2.3 Positioning the Patient in the Lateral 
Decubitus Position 


Positioning the patient in the lateral decubitus position 
(Fig. 47.3) enables the movement of a stone or its fragments, 
by making it (them) move from the lower calyx toward the 


infundibulum or better still, toward the renal pelvis. If it is 
the left kidney, the patient is positioned in the right lateral 
decubitus position. If it is the right kidney, the patient is posi- 
tioned in the left lateral decubitus position. 


47.2.4 Positioning the Patient 
in the Trendelenburg Position 


Positioning the patient in the Trendelenburg position 
(Fig. 47.4) enables the movement of a lower-pole calculus or 
its fragments toward the infundibulum, or better still toward 
the renal pelvis. 


47.2.5 Operating Table, Guide Wire, 
and Laser Unit 


The instrument table is placed under the patient’s lower 
left leg at the same level as the buttocks. This allows the 
surgeon to align all the instruments and the ureterorenoscope 
level with the patient, without having to involve his or her 
assistant. 

A Safety Guide Wire is recommended for all flexible ure- 
terorenoscopy procedures. It is inserted at the beginning of 
the operation during the cystoscopy and is secured to the 
patient’s left inner thigh with a clip or sticky tape. It should 
be coiled (like a “snail”) as shown in Fig. 47.5. Figure 47.6 
shows the correct and incorrect positioning of the guide wire 
to the patient’s left thigh. 

By arranging the security guide wire in this way, the sur- 
geon can prevent it from suddenly moving, particularly if he 
is using a hydrophilic guide wire. 

The laser unit is put behind and against the instrument 
table (Fig. 47.5). The laser fiber is connected to the laser 
unit and immediately put down on the instrument table 
aligned with the laser, the table, and the patient (Fig. 47.5, 
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Fig.47.1 (a) Our usual setup. 
(b, c) Other types of setups. R: 
X-ray screen. V: video tower. A: 
C-Arm. L: laser unit 


red arrow). It is recommended to fix the fiber to the table Respecting these two technical points: 
with saline-soaked compresses so that it does not fall off 
the instrument table(Fig. 47.7). The weight of the soaked 
compresses secures it without damaging it. The laser fiber 
should “run” freely on the instrument table, maintaining 
the largest curvatures as possible. Excessive torsion 
should not be placed on the laser fiber due to the risk of This allows the surgeon to protect his laser fibers from all 
damaging it. external damage. 455455 


e Place the laser unit close behind the instrument table 
(making contact with it). 

e Secure the laser fiber (without pressure) on the instrument 
table with filled saline compresses. 
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47.2.6 Setup of the Operating Area 


The use of a sterile drape with irrigation bags allows mea- 
surement of the quantity of liquid irrigation during and 
after the operation. The irrigation bag is connected to a wall 
pump so that the irrigation liquid cannot accumulate there. 
To keep everything sealed in the operating area, it is advised 
to fix the irrigation bag to the end of the instrument table 
with sticky tape (Fig. 47.8, red arrow). To maintain the 
setup of the operating area, it is recommended never to dis- 
pose of items in the irrigation bag (camera, cystoscope, 
cold-light cable). 


Fig. 47.2 Position of the surgeon. Control pedals of the fluoroscopy 
(R) and the laser (V) are placed under the surgeon’s right foot 


Fig.47.3 Positioning the 
patient in the lateral decubitus 
position 


Fig.47.4 Positioning the 
patient in the Trendelenburg 
position 


Fig.47.5 Operating table, guide wire, and laser unit Fig.47.6 Safety guide wire 
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Fig.47.7 Laser unit and laser fiber fixed with saline-soaked compresses 


Fig.47.8 Setup of the operating area 


47.2.7 Irrigation Tube, Optic, and Camera 


To enable the surgeon to move more freely, it is recommended to 
pass the cold-light cable, camera, and irrigation tubing together 
at the level of the fold of the patient’s right groin (Fig. 47.9). It is 
also advisable to leave enough length for the three cords beyond 
the groin fold, to avoid all traction on the endoscope. The curve 
of the three wires should be large and untangled. 


47.3 Irrigation Techniques 


Irrigation still represents a major issue for flexible ureter- 
orenoscopy. Saline is the standard irrigant used for flexible 
ureterorenoscopy. In order to have the best visibility possible, 


$ 


Fig. 47.9 Irrigation tube, light cord, and camera 


flexible laser ureterorenoscopy requires working with an opti- 
mal irrigation output and effective pressure. It is indispens- 
able to know the following figures:°***° 


e A fluid bag placed 60 cm above the patient creates an irri- 
gation flow of 40 mL/min by the working channel free of 
a ureterorenoscope. 

e This flow falls at 4 mL/min if an instrument of 3 Fr is 
introduced in the working channel, and at 10 mL/min if 
the instrument measures 2.4 Fr. 

e These data show the importance of irrigation, which 
should not be compromised. 


When the flexible ureterorenoscope is positioned in the renal 
caliceal cavities, the vision is often poor and blurred (blood, 
urine, contrast). Contrast can be injected through the work- 
ing channel to opacify the collecting system for fluoroscopic 
imaging and determination of the position of the F-URS. 
However, mix irrigants cause distortion of the visual image 
due to different indices of refraction of irrigants with differ- 
ent densities (i.e., saline and contrast). To improve the initial 
vision and before starting the exploration of the renal cavi- 
ties, it is strongly recommended to be patient and wait for the 
irrigation liquid to “wash” the renal caliceal cavities. It takes 
a few minutes before the vision improves considerably. If 
necessary, to speed up the process, a saline injection (syringe) 
can be used to insert the small amounts of liquid. 

The use of a ureteral access sheath (UAS) avoids high 
intrarenal pressure (>150 cm H,0) and allows an optimum 
irrigation of the cavities by draining the irrigation liquid with 
the stone fragments and the blood clots. 

To obtain an optimum irrigation flow at the distal tip of 
the endoscope and not lose liquid at the point of entry level 
of the working channel (with the “teats”), it is recommended 


558 


O. Traxer 


Fig.47.10 Port seal fitted on 
the working channel of the 
flexible URS. The seal allows the 
operator to conserve irrigant by 
preventing leaks; to grip an 
instrument (such as a laser fiber) 


to use a specific port seal enabling the use of a liquid irriga- 
tion instrument that does not leak. This is made of a silicone 
O-ring, which can adapt to all diameters of the instruments in 
the working channel. This ring provides a perfect seal 
(Fig. 47.10). 


47.4 Different Possible Configurations for 
Irrigation in Flexible Ureterorenoscopy 


47.4.1 Hydrostatic Pressure 


The simplest way is to position the fluid bag between 60 and 
100 cm above the patient (Fig. 47.11). 


47.4.2 Manual High Pressure 


To increase temporarily the pressure in the renal caliceal 
cavities, it is possible to ask the theater nurse to apply man- 
ual pressure to the drip (Fig. 47.12). 


47.4.3 Pressure Cuff 


To increase the pressure in the renal caliceal cavities for a 
continuous period, it is possible to use a pressure cuff placed 
around the fluid bag (Fig. 47.13). However, in this case, it is 
difficult to know the exact pressure in the system despite the 
presence of a pressure gage. We do not recommend this 
method. 


———— 


Fig.47.11 Irrigation: hydrostatic pressure 


Fig.47.12 Irrigation: manual high pressure 
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47.4.4 High Pressure with a Syringe 


A very effective way to increase pressure temporarily is to 
use a connected syringe directly over the working channel of 
the flexible ureterorenoscope.” 


e This syringe, controlled by the surgeon or his assistant, 
can be used in different ways. 

e Isolated without a drip (in case of diagnostic flexible ure- 
terorenoscopy) (Fig. 47.14a). 

e Isolated without a drip but attached to a seal to allow the 
insertion of instruments (Fig. 47.14b). 

e Linked to a drip. In this case, the syringe is fitted with an 
anti-reflux valve or a three-way tap, preventing the reflux 
in the drip (Fig. 47.14c). 

e Linked to a drip, anti-reflux valve, and a seal to allow 
the insertion of instruments. This is the best method 
(Fig. 47.14d). 


Fig. 47.13 Irrigation: pressure cuff 
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Fig. 47.14 Irrigation: high pressure with a syringe. (a) Syringe isolated the syringe is fitted with an anti-reflux valve or a three-way tap, preventing 
without a drip. (b) Syringe isolated without a drip but attached to a seal to the reflux in the drip. (d) Syringe linked to a drip, with anti-reflux valve 
allow the insertion of instruments. (c) Syringe linked to a drip. In this case, and a seal to allow the insertion of instruments. This is the best method 
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47.4.5 Automatic High-Pressure Machine 


It is possible to use a more efficient and reliable system: an 
irrigation pump with a fluid control system (Fig. 47.15). 
These automatic pumps are programmed to increase the rate 
of flow in the drip without, importantly, increasing the intra- 
renal pressure. A control pedal allows temporary increase in 
pressure (+20 cm H,0). Although they are expensive, these 
machines are the best way of achieving ideal perfusion. 


47.5 Insertion of the Safety Guide Wire 


Guide wires are essential for flexible ureterorenoscopy. Two 
150-cm-long and 0.035- or 0.038-in. diameter guide wires 
(one safety, one working wire) should be used. The distal end 
(straight or curved) must be flexible and atraumatic. Standard 
floppy-tipped polytetrafluoroethylene (PTFE) wire could be 
used, but we strongly recommend using stiff hydrophilic 
wires. A safety wire should always be employed when the 
intended procedure involves placing and removing and then 
replacing the F-URS. The safety wire is fixed to the drape 
and remains in place for later use to replace the working wire 
or to place a stent at the end of the procedure.” 


Fig.47.15 Automatic 
high-pressure machine: Socomed 
Promepla. Irrigation tube with 
hand-assisted device and 
automated pressure pump 


The positioning of the safety guide wire is one of the first 
stages to carry out. Its insertion is carried out during the cys- 
toscopy after the retrograde ureteropyelography. A safety 
guide wire can be inserted in three different ways. 


47.5.1 Use of a Cystoscope 


The most simple and economic way is to insert the two guide 
wires, the safety wire and the working wire, at the beginning of 
the operation during the cystoscopy (Fig. 47.16). Consequently, 
the cystoscopy must be carried out twice in order to insert the 
two guide wires. 


47.5.2 Use of a Dual-Lumen Catheter 


The use of a dual-lumen catheter avoids one cystoscopy 
(Fig. 47.17). The dual-lumen catheter is a 10 Fr ureteral cath- 
eter with a flexible, atraumatic 6 Fr distal tip. Each lumen 
accepts a 0.038-in. diameter guide wire. The dual-lumen 
catheter allows the operator to insert a second guide wire, to 
inject contrast into the intrarenal collecting system with a 
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Fig.47.16 Placement of safety 
guide wire with a cystoscope 


Ni 


Fig. 47.17 Placement of a safety guide wire with a dual-lumen cathe- 
ter (Cook Medical) 


guide wire in situ, and to dilate the ureter in order to facilitate 
the passage of the flexible ureterorenoscope. After the posi- 
tioning of the first guide wire during the cystoscopy, the dual- 
lumen catheter is positioned over the first guide wire as far as 
the ureter under fluoroscopic guidance or under visual control 
during cystoscopy. The second guide wire is introduced in the 
second channel of the dual-lumen catheter. The dual-lumen 
catheter is withdrawn, leaving in place the two guide wires: 
the working guide wire and the safety guide wire. 


47.5.3 Use of a Ureteral Access Sheath 


If the surgeon decides at the beginning of the operation that 
he/she will use a ureteral access sheath (UAS) (Fig. 47.18), it 
is possible for him/her to use it to insert the second guide 
wire (the safety guide wire). 


e The first guide wire is inserted during the cystoscopy. 

e The UAS is inserted over the first guide wire in the ureter 
under fluoroscopic control. 

e Once in place the self-dilating introducer is withdrawn; 


Fig. 47.18 Placement of a safety guide wire with a ureteral access 
sheath. (a) Navigator (Boston Scientific). (b) Flexor (Cook Medical) 


the UAS and the first guide wire are left in place in the 
ureter. 

The second wire is introduced through the UAS under 
fluoroscopic control. 
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e Once in place, the UAS is withdrawn and the two guide 
wires are left in place. The security guide wire is fixed to the 
patient’s inner left thigh. The self-dilating introducer is rein- 
serted in the UAS and together they can be put back in place 
over the second guide wire: “the working guide wire.” 


47.6 Insertion of the Ureterorenoscope 
into the Ureteral Meatus 


After inserting the two guide wires (the working guide wire 
and the safety guide wire), if the surgeon does not think it is 
necessary to use a ureteral access sheath, the insertion of the 
ureterorenoscope in the renal cavities is carried out accord- 
ing to the following sequence: 


¢ The insertion of the ureterorenoscope in the renal cavities 
is done over the working guide wire and under fluoro- 
scopic control. The ureterorenoscope is therefore without 
its cold-light cable, the camera, and irrigation. 

e The surgeon must always keep the ureterorenoscope 
straight by using both hands to fix the distal tip of the 
ureterorenoscope, and the assistant must hold the handle 
of the ureterorenoscope. 

e The surgeon carefully fits the ureterorenoscope over the 
guide wire so as not to damage the working channel and 
then slides the ureterorenoscope over the guide wire. 

e In male patients, the penis is held upwards to straighten 
the ureter. 

e The cold-light cable, the camera, and the irrigation are 
attached to the ureterorenoscope once the scope is inside 
the collecting system. 

e The guide wire is withdrawn and the examination of the 
renal cavities can begin. 


Fig. 47.19 Insertion of the 
ureterorenoscope into the 
ureteral meatus: “The Big Back” 


However, it can happen that the ureterorenoscope becomes 
fixed on the ureteral meatus and it is not possible to pass it 
(Fig. 47.19). We also see that under fluoroscopic control, the 
endoscope blocks and bends the ureteral meatus. It is said that 
the ureterorenoscope does “the big back.” This situation occurs 
frequently when the ureteral meatus is stenosed or pin-point. 
The first cystoscopy allows evaluation of the appearance of the 
ureteral meatus. If it does not appear stenosed or pin-point, it 
is not necessary to dilate it without having first tried the “shoe- 
horn” technique. In the large majority of cases, this technique 
enables the ureteral meatus to be successfully negotiated. 

To carry out the shoe-horn technique, it is necessary to fully 
understand what happens: The ureterorenoscope mounted 
over the working guide wire gets caught on the ureteral meatus. 
This is linked to the fact that the working channel of the ure- 
terorenoscope is off center towards the lower part of the distal 
tip (opposite the bundles of optic fibers); it is therefore the top 
part of the distal tip containing the bundles of optic fibers that 
becomes caught on the ureteral meatus (Fig. 47.20a). 

To resolve this problem, it is necessary to turn the distal 
tip of the ureterorenoscope 180° so that the top part, contain- 
ing all the optic fibers, moves towards the bottom. In this 
position, the guide wire is going to lift the “roof” of the ure- 
teral meatus, which can be flexed to follow the slope of the 
ureterorenoscope towards the renal caliceal cavities: This 
maneuver is called the shoe-horn technique (Fig. 47.20b). 

To turn the distal tip, the surgeon should ask his assistant 
to turn the handle of the ureterorenoscope in his hands at least 
180°. At the same time, the surgeon continues this rotational 
movement by also turning the body of the endoscope in his 
hands by pushing it over the working guide wire to negotiate 
the ureteral meatus. Sometimes the assistant has to turn the 
handle more than 360° in order to successfully negotiate the 
ureteral meatus. This is linked to the torque effect of the ure- 
terorenoscope: A rotation of 180° of the handle enables you 
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Fig. 47.20 (a) Insertion of the ureterorenoscope into the ureteral 
meatus. (b) Insertion of the ureterorenoscope into the ureteral meatus 
using the “shoe-horn technique” 


to obtain a rotation of the distal tip at 180° if the torque effect 
is 100% (or 1 for 1). A good flexible ureterorenoscope pres- 
ents a torque effect close to 100%. If the effect is less good, 
the handle is turned beyond 180° to obtain a 180° rotation of 
the distal tip. When the ureterorenoscope is caught on the ure- 
teral meatus, the mechanical constraints that are placed on it 
are very important and profoundly change its natural torque 
effect. Therefore, the handle sometimes has to be turned 
beyond 360° to obtain a rotation of 180° of the distal tip. 

If the shoe-horn technique fails, it is advisable to dilate 
the ureter or to insert a ureteral access sheath. 

After the placement of the F-URS into the kidney, the 
intrarenal collecting system is explored, starting with the 
upper-pole calices, followed by the middle calices, and, 
finally, the lower-pole calices. The exploration is performed 
under endoscopic vision and fluoroscopic guidance.” 


47.7 Insertion of the Ureteral Access Sheath 


The insertion of a ureteral access sheath (UAS) is not a man- 
datory procedure in a flexible ureterorenoscopy. It is left to 
the surgeon’s discretion to perform the procedure, in view of 
the patient’s anatomy, the surgical strategy chosen, and any 
intraprocedural findings. 


47.7.1 Roles and Advantages of the UAS 


e It facilitates quick access to the ureter. The ureteral access 
sheath behaves like the equivalent of an Amplatz sheath 
for percutaneous kidney surgery, by enabling fast insertion 


and removal of the ureterorenoscope from the renal cavi- 
ties and the ureter. 

e It dilates the ureter: the external diameter being at a mini- 
mum of 11 Fr. 

e It facilitates the collection of fluid irrigation, improving 
the endoscopic vision. 

e It avoids high pressure in the renal cavities. 

e It facilitates the clearance of stone fragments. 

° It protects the flexible ureterorenoscope.*’ 


47.7.2 Insertion of the Ureteral Access Sheath 


1. The UAS consists of a sheath and a self-dilating intro- 
ducer and has a round section; it is reinforced to avoid it 
folding up and has an entrance that widens to facilitate the 
introduction of the ureterorenoscope (Fig. 47.21). The 
usual diameter of the sheath is 11/13 or 12/14 Fr. 

2. The self-dilating introducer has a luer-lock tip to inject 
contrast agent in order to get retrograde imaging of the 
renal tract (ureteropyelography) without having to 
remove the UAS. This can prove very useful when the 
surgeon wants to see the configuration of the ureter 
(ureteral siphons and stitches) before progressing to 
the UAS. 

3. Insertion of the UAS on the working guide wire under 
fluoroscopic control. 

4. Withdrawal of the self-dilating introducer of the UAS by 
leaving the working guide wire in place (Fig. 47.22). 
When the self-dilating introducer is withdrawn, the sur- 
geon must do the following steps: 


(a) Secure the sheath so that it cannot move back when 
the self-dilating introducer is withdrawn. 

(b) Fix the working guide wire in the access sheath. 

(c) Move the self-dilating introducer back to withdraw it. 


To do these three movements with two hands, the surgeon 
must: 


e Hold the working guide wire in his right hand. 

e Block the access sheath at the level of the widened 
entrance with the little finger or the ring finger (fourth 
finger) of the left hand. 

e Move the self-dilating introducer back over the working 
guide wire between the thumb and the index of his left 
hand. 


After the placement of the F-URS into the kidney, through 
the UAS, the intrarenal collecting system is explored, start- 
ing with the upper-pole calices, followed by the middle 
calices and, finally, the lower-pole calices. The exploration 
is performed under endoscopic vision and fluoroscopic 
guidance." 


[AU1] 
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Fig.47.21 Insertion of ureteral access sheath 


Fig.47.22 Insertion of ureteral access sheath 


47.8 Examination of the Renal Caliceal 


Cavities 


An ureterorenoscope should always be held with two hands 
and both hands must work together so that the endoscope can 
move as a unit. There are three basic movements to mobilize 


a ureterorenoscope in the renal caliceal cavities: 


1 


10,12,25 


. The dominant hand (right) moves in supination or in 


pronation to change the direction of the distal tip of the 
endoscope (Fig. 47.23a). 


. The movement of the thumb on the deflection control button 


enables a downward or upward deflexion of the distal tip of 
the ureterorenoscope (Fig. 47.23b, red and green arrows). 


. The non-dominant hand (left) pushes or withdraws the 


endoscope to move it forward or backward (Fig. 47.23c). 


It is strongly advised against moving the ureterorenoscope 
by pushing it with the dominant hand, which holds the han- 
dle. Effectively, if the surgeon does this, he will see a forced 
curve of the proximal part of the body of the endoscope, 
which over time will be a source of damage. The movement 
forward or backward is therefore done with the non-domi- 
nant hand, which holds the body of the endoscope, accompa- 
nied by the dominant hand, which holds the handle (the two 
hands work as a unit). 


47.8.1 Neutral Position of the Dominant 
Hand (Right Hand) 


e The handle of the ureterorenoscope must be held with the 
dominant hand and the deflection control button must be 
moved by the thumb (neutral position) (Fig. 47.24). 

e Foraright-handed surgeon, the dominant hand is the right 
hand. 

e The second hand (left hand, non-dominant) stabilizes the 
body of the endoscope in the ureteral meatus. For male 
patients, it also supports the penis. 

e In this position (neutral position), it is not possible to 
accurately examine the renal caliceal cavities because the 
upward or downward deflection movements of the distal 
tip of the ureterorenoscope will be done in the patient’s 
sagittal plane (anteroposterior). The orientation of the cal- 
iceal stems will not be in the sagittal plane but in oblique 
axis. So to insert a flexible ureterorenoscope in the differ- 
ent caliceal axes, it must be turned by using the dominant 
hand to move it by pronation-supination. 


47.8.2 Examination of Right Renal Caliceal 
Cavities: Dominant Right Hand 
in Supination 


e The entrances of the calyx groups — upper-pole, middle, 
and lower-pole calices — are seen on the left of the endos- 
copy screen. 

e To insert the ureterorenoscope in one of three calyx 
groups, the surgeon must turn his hand in supination and 
at the same time perform a ventral deflection of the distal 
tip of the ureterorenoscope to position the chosen calyx 
entrance (upper-pole, middle, and lower-pole calices) at 
the center of the endoscopy screen. From then on, the left 
hand must push the ureterorenoscope so that it penetrates 
the calyx group (Fig. 47.24). 


47.8.3 Examination of Left Renal Caliceal 
Cavities: Dominant Right Hand 
in Pronation 


° The entrances of the calyx groups — upper-pole, middle, 
and lower-pole calices — are seen on the right of the endos- 
copy screen (Fig. 47.24). 

e Inorder to insert the ureterorenoscope in one of three calyx 
groups, the surgeon must this time turn his hand in prona- 
tion and at the same time perform a ventral deflection of 
the distal tip of the ureterorenoscope to position the chosen 
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Fig.47.23 Examination of the renal caliceal cavities. (a) The dominant 
hand (right) moves in supination or in pronation to change the direction 


of the distal tip of the endoscope. (b) The movement of the thumb on the 
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Fig. 47.24 Neutral position of the dominant hand (right hand). (a) 
Right kidney. (b) Left kidney 


deflection control button enables a downward or upward deflexion of the 
distal tip of the ureterorenoscope. (c) The non-dominant hand (left) 
pushes or withdraws the endoscope to move it forward or backward 


calyx entrance at the center of the endoscopy screen. 
Again, the left hand must push the body of the endoscope 
to penetrate the calyx group.>°°>?*° 


47.9 Ureterorenoscope and Laser: 
Working Channel, Instrumentation, 
and Synergy Laser-Ureterorenoscope 


All F-URS have a single 3.6 Fr working channel. Instruments 
can be passed through the working channel, and it is recom- 
mended to pass the instrument when the F-URS is straight, 
otherwise the working channel can be damaged. The working 
channel is particularly vulnerable to laser fibers, which are 
stiff with sharp tips. The recommendation is to straighten the 
tip of the F-URS before inserting a working instrument. When 
the instrument enters in the field of view, the F-URS could be 
deflected as necessary. Never force an instrument through the 
channel of the F-URS. The 3.6 Fr working channel accepts 
instruments up to 3-3.2 Fr (laser fibers, basket, and graspers). 
However, because the working channel is used also for irriga- 
tion, an instrument in the channel will reduce dramatically the 
flow rate. Use of smaller (1.5-1.9 Fr) caliber nitinol basket 
and 200 (micro) laser fibers has the least deleterious effects 
on the flow rate and deflecting capabilities of the F-URS. 
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The holmium-YAG laser is an indispensable tool for flexible 
ureterorenoscopy. We strongly advise against entering into a 
therapeutic flexible ureterorenoscopy procedure (stone or 
tumor) if the holmium-YAG laser is not available.” 


47.9.1 The Holmium-YAG Laser 


The holmium-YAG laser is a solid-state laser made from a rare 
element, holmium, and an yttrium-aluminum-garnet (YAG) 
crystal. It delivers pulsatile energy and operates at a wavelength 
of 2,100 nm (in the infrared part of the spectrum, which is 
invisible to the human eye). The laser allows intracorporeal 
lithotripsy to be performed, ureteral strictures to be managed, 
and urothelial tumors to be removed. This is a contact laser: For 
the system to work, the laser fiber must be placed right against 
the target (tissue or stone). A flexible ureterorenoscope requires 
two types of laser fibers: a small-diameter (150-200 um) fiber 
and a large-diameter (365—600 um) fiber. The large-diameter 
fibers will deliver more energy, but restrict the deflection of the 
scope. The reverse is true of the small-diameter fibers: they 
deliver less energy, but leave the scope free to deflect. 

A red or green aiming beam shows where the fiber is in rela- 
tion to the target. The holmium-YAG laser may cut through 
guide wires and nitinol instruments. This property may be put to 
good use when it comes to freeing a stone that has become 
blocked into a nitinol extraction basket. The holmium-YAG 
laser’s penetrative power is very weak (<0.4 mm); so there is no 
risk of tissue perforation if the laser fiber comes into contact 
with the tissue. To perforate the ureteral mucous membrane, the 
surgeon must push the laser fiber through to the ureteral wall. 
One of the dangers of the holmium-YAG laser is the risk of 
damaging the ureterorenoscope due to the photo-thermal effects 
of the laser. Generally, this type of damage happens when the 
surgeon starts the fragmentation and simultaneously withdraws 
the laser fiber. To avoid this, a perfect synergy between the 
ureterorenoscope and the laser fiber is mandatory.” 


47.9.2 Laser Fiber Not Fixed by Seal 
(Not Recommended) 


e When the laser fiber is introduced in the working channel 
of the ureterorenoscope (Fig. 47.25), the laser unit must 
always be on “standby” mode (Inactive mode). So, if the 
surgeon accidentally starts the fragmentation at the wrong 
time or if the laser fiber moves in the working channel, 
nothing will happen. 

e The laser fiber must protrude several millimeters at the 
distal tip of the ureterorenoscope (check the endoscopic 
images) and must be in contact with the target so that the 
laser unit is put in “ready” mode. 


Fig.47.25 Laser fiber not fixed by seal (not recommended) 


e The fragmentation can start, but the surgeon must keep in 
mind that in this configuration, the slightest withdrawal of 
the laser fiber during the fragmentation will risk damag- 
ing the working channel. Because the laser fiber only pro- 
trudes a few millimeters beyond the distal end of the 
ureterorenoscope, it is very easy to move the fiber back 
without realizing, thus damaging the distal end of the ure- 
terorenoscope. It is the most common cause of laser-per- 
foration of ureterorenoscopes. 

e Itis strongly discouraged to work this way. 


47.9.3 Laser Fiber Fixed by Seal (Strongly 
Recommended) 


e To avoid the risk of distal perforation of the ureteroreno- 
scope by an ill-timed withdrawal of the laser fiber at the 
moment of the fragmentation, it is recommended to fix it by 
holding the seal at its maximum (Fig. 47.26). Thus, the 
O-ring will block the laser fiber, preventing all movement 
forward and backward at the moment of the fragmentation. 

e This trick also means that the surgeon’s left hand is free, 
which no longer has to hold the laser fiber during the frag- 
mentation. He can control his movement better by making 
use of his left hand to hold the body of the ureterorenoscope. 


47.10 Management of Lower-Pole Calculi 


When the lower-pole calculus is located, a nitinol basket 
(1.5-2.4 Fr) is inserted (with the endoscope kept undeflected) 
and the stone is captured. The stone is displaced to the upper 
caliceal system, or into the renal pelvis. The stone is released, 
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Fig. 47.26 Laser fiber fixed by seal (recommended) 


and the nitinol grasper is withdrawn. A laser fiber (200-365 
um-diameter) is introduced into the working channel 
(Fig. 47.27).* 

The fiber is advanced a few millimeters beyond the end of 
the working channel, and the red aiming beam is switched 
on. The laser fiber is fixed by using the port seal to avoid 
back movements of the laser fiber into the working channel. 
The F-URS with the fiber in place is placed against the stone, 
and fragmentation is started (initial setting: 5-6 Hz, 1-1.5 J 
corresponding to 5-9 W). When the fragmentation is 
obtained, the laser fiber is withdrawn, and the stone frag- 
ments are grasped and removed with the nitinol basket. 

Displacing a lower pole stone into a more favorable loca- 
tion (upper pole, renal pelvis) before fragmentation has been 
shown to be more effective in stone-free rates. 

If the stone cannot be displaced toward the upper pole or 
the renal pelvis (bulky stone, stricture of the caliceal stem), it 
may be fragmented in situ using a small-diameter (150-200 
uum) laser fiber. For the introduction of the laser fiber, the 
F-URS must always be kept straight (undeflected). Deflection 
of the scope is not started until the fiber is at the tip of the 
endoscope. At the end of the procedure, a complete explora- 
tion of the intrarenal cavities is obtained to ensure that no 
fragments have been left behind.®?73!63¢ 


47.11 Fragmentation Techniques, Clotting 
Technique 


When a stone has been identified but, due to its size, an 
extraction cannot be anticipated “in one piece,” it must be 
broken up with the holmium-YAG laser by introducing in the 
working channel a laser fiber of variable size: 150-600 um in 
diameter. The diameter of the laser fiber is chosen according 
to the location of the stone and the need or not to flex the 
distal tip of the ureterorenoscope to reach the stone. Whatever 


Fig. 47.27 Relocation of a lower pole stone. Principle and fluoro- 
scopic control 


its diameter, the laser fiber must be introduced into the work- 
ing channel of the ureterorenoscope in a straight position (no 
deflection of the distal end) and the laser unit must be in 
“standby” mode (inactive mode).** 

The laser fiber is advanced to the end of the working chan- 
nel a few millimeters and, if needed, the distal tip of the ureter- 
orenoscope is flexed to reach the stone and treat it. Switch on 


568 


O. Traxer 


the red aiming beam to check that the fiber has made contact 
with the stone and set the laser unit to “ready” mode (active 
mode). Begin the laser fragmentation by touching the stone. 
(Parameters: 5—6 Hz, 1,000-1,500 mJ is 5—9 W).!°?6 


47.11.1 Fragmentation in a Stone Blocked 
Against a Renal Papillae 


e The holmium-YAG laser has the important advantage of 
not moving back during the fragmentation. However, the 
small stones are likely to move during the fragmentation, 
which reduces the effectiveness of the laser fragmentation 
and lengthens the operating time. 

e To minimize this inconvenience, it is recommended to 
wedge the stone between the laser fiber and a renal papule 
before starting the fragmentation (Fig. 47.28). This is 
described as “Trapped Fragmentation.” 

e If the stone’s movements are close to the patient’s breath- 
ing, it is possible to ask the anesthetists to put the patient 
in apnea for a few minutes or to make the patient breathe 
at “low frequency” (6—9/min) in order to reduce the move- 
ments of the diaphragm on the kidney and consequently 
on the stone. 


47.11.2 “Postage Stamp” Fragmentation 
Technique 


e The holmium-YAG laser fragmentation enables you to 
obtain tiny fragments comparable to grains of sand. 

e To optimize this fragmentation, it is recommended to reach 
the stone by starting the fragmentation from the outside 


Fig.47.28 Fragmentation in a stone blocked against a renal papillae 


Fig.47.29 “Postage stamp” fragmentation technique 


toward the center and from the surface toward the bottom 
by making small holes all around the stone comparable to 
the outside edge of a postage stamp (Fig. 47.29). 

° The sheer number of these little holes will enable a very fine 
fragmentation of the stone. This fragmentation technique 
has the advantage of not producing large fragments, neces- 
sitating that each one has a fragmentation or an extraction. 


47.11.3 Clotting Technique 


e During the laser fragmentation, a bit of blood often 
appears. The visibility at this point is compromised by the 
bleeding. 

e By contrast, this bleeding can sometimes prove to be very 
useful, because at the end of the operation, it enables you to 
fix minimal stone fragments within the clot (Fig. 47.30). 

e Therefore, it is easy for the surgeon to capture this clot 
and these stone fragments with the help of a nitinol basket 
and to extract them together. 


47.12 Stone Removal Techniques 


When a stone has been captured, it must be removed.” 
Classically, the ureterorenoscope is withdrawn by securing 
the stone trapped in the nitinol basket blocked at the distal tip 
of the ureterorenoscope. It is also possible to check whether 
the stone passes through the ureter without blocking it by 
endoscopically checking its “descent” toward the bladder. 
For that: 


e The stone captured by the nitinol basket is placed a few 
millimeters in front of the end of the ureterorenoscope. 

e The basket is blocked by the seal joint (like for the laser 
fiber) at the moment when the fragmentation is started. 

e The ureterorenoscope is withdrawn by checking that the 
stone is moving without difficulty or without getting stuck. 
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Fig. 47.30 Clotting technique 


This is the ideal removal of a stone from the renal caliceal 
cavities. However, there are situations where the stone removal 
can be complicated. Here are the three most frequent: 


e Figure 47.31a: The stone is too big to pass through the 
inside of a UAS. 

e Figure 47.31b: The stone is blocked at the level of the 
ureter but re-released by the nitinol basket. 

e Figure 47.31c: The stone is blocked at the level of the 
ureter and NOT re-released by the nitinol basket. 


47.12.1 Removal by “Trapping” Stone 
on the Ureteral Access Sheath 


If the surgeon has inserted a UAS at the beginning of the 
operation, the removal of fragments is done through this. 
Sometimes the stone fragment captured does not pass through 
the UAS and stays blocked at the end of the UAS. In this case, 
it is possible to remove everything in one step: ureteroreno- 
scope, basket with the stone, and the UAS (Fig. 47.3 1a): 


e The stone is kept trapped at the end of the UAS. 

e The surgeon’s right hand holds the ureterorenoscope and 
the nitinol basket with the stone. 

e The left hand holds the UAS and the body of the endo- 
scope. Both hands work in synergy, and it can be removed. 


47.12.2 Release of a Stone Captured 
in a Nitinol Basket 


When a stone remains blocked in the ureter during its descent, 
it is often possible to re-release it in order to be able to 


withdraw the nitinol basket from the working channel of the 
ureterorenoscope (Fig. 47.31b). Once the basket is removed, 
a laser fiber must be introduced in the working channel of the 
ureterorenoscope to break up the stone and, secondarily, to 
extract its fragments. The maneuver to re-release the stone is 
the following: 


e Open the basket fully. 

e Push the basket toward renal caliceal cavities. 

e At the same time, the basket must be put in the “open 
position.” 

e Usually, if these steps are followed, the stone is released 
from the basket, enabling the surgeon to continue with the 
procedure. If that is not the case, the process shown in 
Fig. 47.31a should be carried out. 


47.12.3 Captured Stone Hemmed-in 
in the Ureter, Nitinol Basket in Place 


When the stone remains blocked in the ureter, trapped in the 
nitinol basket, which cannot be withdrawn, the following 
sequence should be carried out (Fig. 47.31c): 


e The handle of the nitinol basket must be taken off (proxi- 
mal and distal screws). 

e The handle is withdrawn, and the central structure in 
nitinol stays covered by its external sheath. 

e Once the handle is withdrawn, the external sheath of the 
basket can also be removed by sliding over the central 
nitinol structure. 

e The central structure in nitinol still contains the stone at 
the end, so it stays in place. 

e The ureterorenoscope is withdrawn by sliding it outward 
over the central structure in nitinol. 
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Fig.47.31 (a) Stone removal 
by “trapping” stone on the 
ureteral access sheath. (b) 
Release of a stone captured in a 
nitinol basket. (c) Captured stone 
hemmed-in in the ureter, nitinol 
basket in place 


e The ureterorenoscope is repositioned over the guide wire, 
through the ureteral access sheath next to the central 
nitinol structure. 

e Once the ureterorenoscope is in contact with the stone, a 
laser fiber is introduced in the working channel and the 
fragmentation of the stone can begin. 

e During the fragmentation, it is possible to cut the central 
nitinol structure to free the stone, but this is not always 
necessary. 

e If the central nitinol structure can be kept, the basket can be 
“shown again” in order to extract the residual fragments. 


In order to avoid this sometimes complicated situation, it is 
highly recommended that for optimum results, it is best to 
fragment all renal stones rather than to attempt a risky extrac- 
tion in one go, which will needlessly complicate the endo- 
scopic movement. 

The use of the ESCAPE system (Boston Scientific) 
enables you to introduce a nitinol basket of 1, 9 Ch and a 
laser fiber of 200 um in the working channels of all flexible 
ureterorenoscopes. This system enables the fragmentation of 
a blocked stone in a nitinol basket without having to carry 
out the previous maneuver described. 
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47.13 Prevention of Stone Fragment 
Accumulation in Lower Calyx 


If, at the end of the procedure, for any renal calculi regardless 
of location, many small stone fragments are left in the collect- 
ing system, there will be a major risk of fragment re-accumu- 
lation in the lower-pole calices. In order to avoid this risk, 
Fuchs and Patel described a technique to seal the lower pole 
with an autologous blood clot.'” For this part of the proce- 
dure, the F-URS is placed in the lower pole. Saline is injected 
into the working channel of the F-URS, to flush the fragments 
toward the upper calices and the renal pelvis, and to clear any 
remaining contrast. Through the working channel of the 
scope, the operator injects 5-10 mL of autologous blood 
taken from a peripheral venous line. (This will completely 
obscure endoscopic vision, and the position of the F-URS in 
the lower pole will need to be checked with fluoroscopy.) 
When the injection is obtained, the F-URS is withdrawn, and 
the surgeon waits 5-10 min for the blood clots formation. 
Retrograde pyelogram is performed to check that the lower 
calyx is no longer visualized; i.e., that the clots are providing 
a seal (Fig. 47.32). At the end of the procedure, the surgeon 
may or may not decide to drain the ureter. If the ureter is to be 
drained, a ureteral catheter may be used for 24 h; alternatively, 
an internal stent may be left in the ureter for a few days. 


47.14 Management of Caliceal Diverticula 


A mixture of contrast and methylene blue or indigo carmine 
is injected through the working channel of the scope. A check 
is made with fluoroscopy to establish that the diverticulum is 
properly opacified. Opacification means that the neck of the 
diverticulum is patent. Saline is injected through the working 
channel of the scope, to flush the intrarenal collecting system. 
A detailed inspection of the collecting system is made, to see 
whether dye is leaking from the diverticular neck. Delayed 
emptying of the diverticulum would suggest a narrow neck 
(Fig. 47.33). Once the diverticulum has been identified, a 
laser fiber is passed through the working channel of the scope, 
to incise the neck of the diverticulum. Following incision of 
the diverticular neck, the F-URS is inserted into the diverticu- 
lum. Any stone or stones in the diverticulum may be frag- 
mented in situ with the laser or extracted “in one piece” with 
the nitinol basket. Following treatment of the stone(s), the 
neck of the diverticulum is generously incised with the laser, 
to allow the diverticulum to be marsupialized into the collect- 
ing system. At the end of the procedure, a check is made to 
ensure that no fragments have been left behind. After this, the 
surgeon may or may not decide to drain the ureter. Ureteral 


drainage with an internal ureteral stent is strongly recom- 
mended. If possible, the renal pigtail of the stent should be 
placed inside the marsupialized cavity.” 


47.15 Retrograde Endopyelotomy 


Retrograde pyelogram is obtained to confirm the ureteropel- 
vic junction (UPJ) obstruction. A safety guide wire is inserted 
through the dual-lumen catheter, and the safety guide wire is 
secured to the patient’s left thigh. If required, a UAS is 
inserted. The F-URS is inserted over the working guide wire. 
The position of the F-URS is checked with the X-ray control: 
The F-URS could be in the renal pelvis, if the ureteropyelic 
junction (UPJ) is passable or the F-URS is distal to the UPJ if 
the junction is not passable. The working guide wire is with- 
drawn. The cold-light cable, the camera, and the irrigation 
system are attached. If possible, the intrarenal collecting sys- 
tem and the UPJ are explored. With the F-URS kept straight 
(distal tip undeflected), a 365-um diameter laser fiber is intro- 
duced into the working channel of the scope. The fiber is 
advanced a few millimeters beyond the end of the working 
channel; the red aiming beam is switched on; and the laser is 
set at Ready. Power setting: 12-15 Hz, 1-1.5 J corresponding 
to 15-22 W. If the F-URS is in the intrarenal collecting sys- 
tem, the UPJ is incised as the scope is being withdrawn toward 
the ureter. If the ureterorenoscope is below the UPJ, the inci- 
sion is made as the scope is being advanced toward the renal 
pelvis. Repeated passes with the laser fiber are made, until the 
periureteral fat appears. The F-URS is withdrawn. A high- 
pressure ureteral balloon catheter is inserted over the safety 
guide wire, and, under fluoroscopic guidance, the high-pres- 
sure balloon is inflated with contrast agent to dilate the incised 
area. The high-pressure ureteral balloon catheter is with- 
drawn. The dual-lumen catheter is inserted over the safety 
guide wire, and retrograde pyelogram is performed. If the 
endopyelotomy has been correctly performed, there will be 
an extravasation of contrast from the ureter. At the end of the 
procedure, an internal ureteral stent (8 Fr, or 12/8 Fr) should 
be inserted and left in place for 4—6 weeks; a urinary catheter 
should be left in place for 24 h."* 


47.16 Antegrade Flexible Ureteroscopy 


Flexible ureteroscopy may be performed using an antegrade 
approach; however, the procedure is rarely indicated. It may 
be considered where the retrograde route is ruled out. This 
would be the case in external and, above all, in internal uri- 
nary diversion. The technique is well established; however, 
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Fig. 47.32 Blood clots 
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Fig. 47.33 Caliceal diverticu- 
lum. Methylene blue test 
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the antegrade approach places great mechanical stress on the 
scope, and weakens the equipment. 

The patient is positioned prone. The intrarenal collect- 
ing system is identified and punctured, under ultrasound 
and fluoroscopic guidance. Preferentially, the middle or 
upper caliceal system should be punctured to ensure that 
the scope is aligned with the ureter. Contrast is injected 
through the puncture needle to opacify the intrarenal col- 
lecting system and the ureter; and the working guide wire is 
inserted into the ureter, under fluoroscopic guidance. The 
puncture needle is withdrawn. A dual-lumen catheter is 
inserted over the working guide wire, and the safety guide 
wire is inserted through the second channel of the dual- 
lumen catheter. The dual-lumen catheter is then withdrawn, 
and the safety guide wire is secured to the patient’s body. 
The high-pressure ureteral balloon catheter is inserted over 
the working guide wire. Under fluoroscopic guidance, the 
high-pressure balloon catheter is inflated with contrast 
agent, to dilate the puncture needle tract. The high-pressure 
ureteral balloon catheter is withdrawn. The ureteral access 
sheath is inserted over the working guide wire, under fluo- 
roscopic guidance. The dilating obturator is withdrawn 
from the ureteral access sheath. 

Through the ureteral access sheath, the F-URS is inserted 
over the working guide wire, under fluoroscopic guidance. 
The working guide wire is withdrawn and the cold-light cable, 


the camera, and the irrigation system are attached. Antegrade 
exploration of the ureter is performed. Any calculi, tumors, or 
ureteral strictures are addressed in customary fashion. 

At the end of the procedure, the ureterorenoscope is with- 
drawn. The ureteral access sheath is removed. Over the safety 
guide wire, a percutaneous nephrostomy tube is inserted, 
under fluoroscopic guidance. The safety guide wire is with- 
drawn, and the nephrostomy tube is secured to the skin.*°** 


47.17 Management of Urothelial Tumors 


A saline wash of the intrarenal collecting system may be obtained, 
and an aspiration sample is collected for cytopathology. If 
required, retrograde pyelogram may be performed to assist in the 
localization of the lesion. Retrograde pyelogram must not be per- 
formed prior to cytological sampling since the contrast agent will 
interfere with the cytolopathological examination. Once the tumor 
has been identified, the surgeon must decide which of the three 
ablation techniques available he would wish to use (Fig. 47.34):"° 


1. The first option consists in debulking the tumor by cold- 
cutting it with a tipless nitinol basket. This is followed by 
the collection of tumor stump tissue with biopsy forceps, 
and the vaporization of the tumor base with the holmium 
laser (settings: 10 Hz, 1-1.2 J, corresponding to 10-12 W). 
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Fig. 47.34 Ablation techniques 
of urothelial tumors. (a) Nitinol 
basket cold cutting. (b) Laser 
ablation. (c) Biopsy forceps and 
laser ablation 
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2. The second option consists in taking biopsies and then 
vaporizing the entire tumor with the holmium-YAG 
laser, without any prior debulking. 

3. The third option consists in completely resecting the 
tumor with the biopsy forceps, and then vaporizing the 
tumor base with the holmium laser. 


With all of these techniques, a large-diameter laser fiber is 
used (generally 365 um). However, for lesions in the lower 
pole, a small-diameter fiber (200 um) has to be used in order 
to obtain maximum deflection of the scope. Once the renal 
urothelial lesion has been treated, the ureter is inspected 
carefully. To this end, the scope is gradually withdrawn, and 
all ureteral surfaces are inspected under endoscopic vision, 
right down to the ureteral orifice. 

At the end of the procedure, the surgeon may or may not 
decide to drain the ureter. If the ureter is to be drained, a 
ureteral catheter may be used for 24 h; alternatively, an inter- 
nal stent may be left in the ureter for a few days. Depending 
on the type of drainage chosen, adjuvant chemotherapy with 
instillation of a topical therapeutic agent may be started.” 


47.18 Conclusions 


Flexible URS combined with holmium-YAG laser is an 
effective, reproducible, and minimally traumatic diagnostic 
and therapeutic technique perfectly adapted to diseases of 
the upper urinary tract, and especially for the management of 
lower pole stone less than 15 mm. This technology must be 
part of the therapeutic armamentarium of any center involved 
in the management of urinary stones. 

The equipment has improved dramatically over the past 2 
decades in several areas in ureteroscope design, intracorporeal 
lithotripter, accessory devices, and especially video and imag- 
ing. Advances in electro-optics continue to improve the urolo- 
gist’s ability to perform minimally invasive procedures. While 
the development of flexible fiberoptic ureteroscopes (URS) has 
greatly facilitated upper tract procedures, distal sensor, digital 
technology may represent the next step in the evolution of 
endoscopy. Better image quality could translate into greater pre- 
cision for diagnostic and treatment and shorter procedures. Tips 
and tricks are essential to improve the technique. Collectively, 
all these improvements allowed excellent results in the manage- 
ment of upper tract diseases, with high stone-free rate, particu- 
larly for the lower pole stone with lower morbidity. 
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Aldrin Joseph R. Gamboa and Elspeth M. McDougall 


Abstract The potential to learn in the operating room is becoming increasingly limited 
by factors such as resident work hour restrictions, the increased cost associated with trainee 
involvement in the operating room, the demands on clinicians to increase productivity, the 
increased complexity of patient diagnoses seen in tertiary care medical centers, and the 
overall goal to decrease patient morbidity and mortality. Surgical educators are seeking 
alternative methods of training and developing simulated teaching environments in an effort 
to address these educational challenges. Endourology poses unique challenges, with steep 
learning curves for the surgeon, as it creates a visual image of the operative site that has 
altered depth perception, decreased tactile feedback, increased dependence on video monitors, 
and increased demand on hand-eye coordination. The importance of creating standardized 
curricula for training programs is becoming increasingly important for minimally invasive 
technologies. Curriculum designed for technical skill education involves setting goals and 
objectives at the commencement, designing interventions targeted to these goals, and devel- 
oping assessment tools that can certify competency in the desired skills. A variety of teach- 
ing strategies have been utilized in the development of curricula for endourology including 
material-based models, animate and cadaveric models, and virtual reality simulation. All of 
these have their advantages and disadvantages and in combination provide a robust and com- 
prehensive skills training platform to complement the cognitive training that is required for 
mastering endourologic concepts and techniques. With computer-based surgical simulation, 
a trainee may be truly evaluated objectively in the absence of bias for race, sex, or age. The 
integration of simulation into the surgical training curriculum will allow the trainee to acquire 
the basic surgical skills foundation and obtain performance levels according to predetermined 
proficiency levels for each stage of the training program. This then allows the surgical educa- 
tor to concentrate on teaching the judgment and professionalism of an expert surgeon, and to 
strengthen the knowledge and interpretation of what is observed in the clinical setting in order 
to create a competent surgeon at both the cognitive and skills performance levels. 


48.1 Introduction of acquiring surgical skills originated from the reforms of 
Dr. William Halsted, a century ago.'” The Halstedian appren- 
ticeship follows the principle of “see one, do one, teach one” 
and involves an extensive period of hands-on training with 
increasing responsibility for patient care.™ The goal of this 
training has been to produce a well-rounded and technically 
competent surgeon, grounded in the basic principles of sur- 
gery.° The trainees’ activities rely on supervised instruction 
by an expert clinician with gradual and progressive acquisi- 
tion of skills as directed by the expert surgeon in observation 


Surgical education has recently experienced considerable 
change as a result of the rapidly expanding technological 
developments in the field of surgery. The traditional method 
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stages of the trainees’ learning curve, which may be more 
pronounced with the highly complex skills required for mini- 
mally invasive surgery.” 


48.2 History of Surgical Training and Impact 
of Endourologic Teaching 


The Halstedian model is limited by variability of experience 
during residency and difficulties with standardization of 
training programs.'! The potential to learn in the operating 
room is becoming increasingly limited by factors such as 
resident work hour restrictions, the increased cost associated 
with trainee involvement in the operating room, the demands 
on clinicians to increase productivity, the increased complex- 
ity of patient diagnoses seen in tertiary care medical centers, 
and the overall goal to decrease patient morbidity and mor- 
tality.'' In addition, medical errors are increasingly scruti- 
nized by the profession and the public, thereby reducing the 
tolerance for errors while training surgeons in the operating 
room.'*'> The public is demanding that trainees have docu- 
mented proficiency in surgical skills before embarking on 
surgical procedures that may have morbidity associated with 
errors related to inexperience that could lead to complica- 
tions and even death.!° 

For these reasons, the Halstedian method of teaching is 
becoming increasingly outdated. Surgical educators are 
seeking alternative methods of training in developing simu- 
lated teaching environments in an effort to address these edu- 
cational challenges.'*'”'8 The concept of trial-and-error 
learning in the clinical environment has been revised for the 
benefit of both the learner and the patient. 

Surgery has become a dynamic and technologically driven 
field of medicine. The widespread acceptance and growth of 
minimally invasive surgery has posed many challenges to the 
training of urology residents and to allowing postgraduate 
urologists to acquire difficult new surgical  skills.!°”° 
Endourology poses unique challenges to the surgeon as the 
visual field is now two dimensional rather than the three 
dimensional one seen at open surgery. The endoscope creates 
a visual image of the operative site that has altered depth 
perception, decreased tactile feedback, increased dependence 
on video monitors, and increased demand on hand-eye coor- 
dination. All of this contributes to a steep learning curve for 
many of the endourologic procedures.”' For the inexperi- 
enced endourologic trainee, these technological features can 
translate into longer operative times and increased patient 
morbidity.'1??~4 

In the last decade, the specialty of urology has witnessed 
an enormous growth of knowledge and innovation in the 
endourologic technologies.” The development of fiber optic 
instrumentation and miniaturization of endoscopes and 
ancillary equipment used for ureteral and renal endoscopic 


surgery have modified the way urinary stone disease is 
treated. The digital revolution continues to lead the way 
toward the development of new surgical treatment modali- 
ties, which will reduce patient morbidity and enhance surgi- 
cal outcomes. Computerization has proven to be an essential 
part of many clinical routines, and serves as an interface in 
a multitude of medical procedures and patient management 
devices.***' It is quite conceivable that all surgical proce- 
dures will become computer aided, or even completely 
robotic in the near future. However, the surgical procedures 
will continue to require expert professional guidance, super- 
vision, and control. New technological approaches to surgi- 
cal problems will require ongoing, advanced training for 
both the surgical resident and the practicing surgeon as these 
new techniques and devices are introduced and imple- 
mented.” Practicing surgeons and residents will need to 
learn together and support each others’ educational activi- 
ties in providing better care for their patients.**** 

As surgical technology and techniques advance, surgical 
educators recognize the importance of using new educational 
programs and teaching strategies for acquisition of technical 
skills outside the operating room to optimize the trainees’ 
experience.” Some educational changes have resulted in 
an increase in the length of residency training programs or 
the necessity for subspecialty fellowship training programs 
such as in endourology.**“° 

In the early 1980s, through the collaborative efforts of 
Dr. Arthur D. Smith, Ralph V. Clayman, Paul H. Lange, Kurt 
Amplatz, Keith W. Kaye, and Wilfrido R. Castenada-Zuniga, 
at the University of Minnesota, the initial development and 
investigation of minimally invasive surgical approaches for 
ureteral and renal stone disease was undertaken.*' This group 
also created the first endourologic educational program to 
teach these new concepts and techniques in urologic surgery 
to community urologists. Concomitantly at this same time, 
the research efforts of Christian G. Chaussy, in Germany, led 
to the clinical application of extracorporeal shock-wave lith- 
otripsy for the management of renal stone disease. The inter- 
national work in these areas of minimally invasive urologic 
surgery led to the founding of the Endourological Society 
after three successful annual meetings held in London in 
1983 under the directorship of John C. Wickham, in Germany 
in 1984 under the directorship of Dr. Peter Alken, and then 
New York City in 1985 under the directorship of Dr. Arthur 
D. Smith. The Endourologic Society was officially instituted 
on May 1, 1984 and incorporated on April 18, 1985. Since 
then, the society has played an instrumental role in encour- 
aging research and education related to the subspecialty of 
endourology and the development of ureteroscopy, percuta- 
neous renal access surgery, and extracorporeal shock-wave 
lithotripsy. In the early 1990s, the Endourological Society 
created a l-year specific endourology fellowship training 
program with defined guidelines. This was designed to pro- 
vide specialized training in endourology to cover all aspects 
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of endourological surgery, including endourology of the 
lower and upper urinary tracts, extracorporeal shock-wave 
lithotripsy, and various laparoscopic procedures. Effective in 
2009, this fellowship training became a required 2-year train- 
ing program under the auspices of the Endourological 
Society. The goal of this endorsed fellowship training pro- 
gram has been to provide a foundation for training academic 
endourologists in research and education for the ongoing 
expansion of the subspecialty. The guidelines for this fellow- 
ship training have included minimum numbers of index cases 
such as percutaneous renal access procedures (30 cases/2 years), 
ureteroscopy procedures (60 cases/2 years), and laparoscopic 
procedures (60 cases/2 years), and encouragement to perform 
research in endourology and present academic findings at the 
international annual meeting. 

Since the early days of endourologic training programs, 
held first at the University of Minnesota, the pig kidney and 
ureter were utilized as a comparable working model for the 
same human anatomy. This concept has formed the basis of 
innumerable endourological courses nationally and interna- 
tionally over the past 2 decades."! 

At the 2008 World Congress of Endourology, held in 
Shanghai, there were three live surgery cases related to 
endourology including two percutaneous nephrolithotomy 
(PCNL) procedures and one holmium laser management of 
bladder tumors. In addition, this meeting featured seven ded- 
icated instructional courses related to percutaneous nephro- 
lithotomy, ureteroscopy, and general endourologic procedures 
and principles. 

The Endourological Society’s mission has been to create 
a venue for scientific dialogue among endourologists world- 
wide through annual meetings, circulation of scientific litera- 
ture, and surgical skill training courses and hands-on 
laboratory sessions. The Endourological Society has pio- 
neered international relations through collaborative medical 
education of and by its members.” The development of the 
fellowship programs and postgraduate courses provides an 
opportunity for urologists worldwide to improve existing 
skills and acquire new endourologic techniques. A large 
portion of these training formats are interactive and encom- 
pass all aspects of endourology. The fellowship training pro- 
grams allow for continued mentoring and guidance of these 
young endourologists as they commence their own academic 
and private careers. 


48.3 Creating the Curriculum for Teaching 
Endourology 


Modern urologic practice has benefitted from the innova- 
tions and developments in the field of endourology. Although 
minimally invasive and associated with low morbidity, 
endourologic procedures comprise some of the most difficult 


techniques to learn and master.“ The safe and effective 
performance of endourologic procedures is dependent on the 
comprehensive skills training of the surgeon and the fre- 
quency with which these procedures are performed in the 
clinical practice. Many of the challenging surgical skills of 
endourology require repetitive practice with feedback in 
order to proficiently master these skills. The creation of 
endourological surgical skill centers may represent the wave 
of the future in dissemination of both knowledge and acqui- 
sition of these technical skills.“ Both the American Urologic 
Association and the Endourological Society have recognized 
the importance of creating a standardized curriculum for 
application to resident and fellowship training programs, 
especially with regard to the minimally invasive technolo- 
gies. As such, both of these societies are in the process of 
discussion and deliberative inquiry, in accordance with the 
Accreditation Council on Graduate Medical Education 
(ACGME), to create curricula that have a basic cognitive 
component, technical skills training guidelines, and an objec- 
tive evaluation process. These curricula are aimed at facili- 
tating surgeon training while complying with regulations for 
accreditation.“ The random opportunities of our current 
apprenticeship system for surgical training need to be 
replaced by a curriculum or learning system that meets the 
needs of surgeons and their commitment to lifelong learning. 
Surgical simulation, whether modeled- or computer-based, 
provides the unique opportunity for repetitive skills training 
with the exploration of all possible outcomes in a risk-free 
environment that can maximize the educational experience 
and reduce the time of training for surgeons in complex 
surgical techniques.” 


48.3.1 Learning with Practice 


The operating room has always been considered a high-stress 
environment for education and may potentially compromise 
the learning of the trainee.“ In a low-stress environment, 
such as a training laboratory, the trainee is provided with an 
opportunity for supervision and guidance by a dedicated expert 
endourologic surgeon especially in the initial basic training 
process.*! This type of training potentially allows for a relaxed 
learning environment while focusing on repetitive perfor- 
mance of essential technical skills to understand the concepts 
and then master the appropriate basic clinical skills. The men- 
tor plays an important role in this educational process, initially 
as an instructor and then later in developing judgment and 
strengthening the knowledge and interpretation of what is 
observed in order to create the truly competent surgeon.” 
Without the basic cognitive knowledge of the principles and 
practices of surgical skills, repetitive practice may only result 
in learning a poor technique well or acquisition of incorrect 
skills, which ultimately invalidates the main objective of 
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proficiency through practice. In addition, the skills training 
laboratory is a unique venue for team building, especially for 
high reliability teams such as operating room and endouro- 
logic surgery teams as they work together in these complex 
surgical environments.® The concept of performance repeti- 
tion can be traced to other high reliability team environments 
such as the military and commercial aviation.** Practice is 
also a well-accepted component in sports, music, and many 
other fine arts. The purpose of repetitive skills practice with 
feedback is to acquire technical proficiency, minimize perfor- 
mance error, and maximize performance quality. Military and 
commercial aviation training programs use complex flight 
simulators to reproduce routine and emergency contingencies 
on an ongoing basis to prepare pilots and their teams ade- 
quately for workplace competency." The cornerstone of this 
type of training is exhaustive repetition in a practice setting 
that closely resembles the actual work environment, under 
expert supervision to foster proficiency in the performance of 
the optimal technique or procedure.**°7°8 

Although specific levels of surgical proficiency may be 
difficult to define, the development of objective parameters 
will provide an opportunity to define a trainee’s learning 
curve.*”°! Well-delineated guidelines detailing the number of 
procedures that must be performed during training and the 
timing and extent of training are limited at this time. There 
are often individual variations in the level of skill acquisition 
at the different stages of surgical training despite the same 
training environment. Some individuals may require more 
training time or additional expert supervision during training 
compared to other trainees. The duration of training would 
be individualized on the basis of the acquisition of individual 
proficiency, rather than training to a predetermined period of 
time. Training focused on the trainee’s needs is an educa- 
tional advantage that is not always possible in the operating 
room where the expert surgeon must first be focused on the 
patient.’ As such, in a simulated setting, residents could 
complete training modules at their own pace, with the endpoint 
of reaching a specific, predetermined level of proficiency 
necessary to go into the operating room. 


48.3.2 New Developments in Urinary Stone 
Disease Education Strategies 


With the constant growth and development of the field of 
minimally invasive urologic surgery, the profession will for- 
ever be in search of reliable and validated training systems.** 
A simulator is defined as “a device that enables the operator 
to reproduce or represent under test conditions, phenomena 
likely to occur in actual performance” and may apply to both 
physical and virtual models.® Therefore, the term simulator 
can be applied to any model used to represent surgery. One 


way to categorize the various types of simulation is to focus 
on the concept of fidelity. Low-fidelity simulators are those 
that are not very lifelike, such as silicone or rubber represen- 
tatives of tissues. The advantages of low-fidelity simulators 
include lower cost and portability. The main disadvantages 
are the lack of realism and the inability to teach entire opera- 
tions. High-fidelity simulators are those that are more life- 
like, often with the ability to move beyond simple skill or 
task training and simulate partial or whole operations. 
Traditional high-fidelity simulators have included animal 
models and cadavers and they allow for realistic tissue han- 
dling in a perfused tissue model. Unfortunately, animal mod- 
els are costly, require veterinary assistance, raise social and 
ethical questions, and differ anatomically from the human. 
Cadaveric models, while anatomically ideal, are not always 
readily available and the tissues do not truly mimic the tissue 
compliance of live surgery. Commercially available high- 
fidelity simulators offer the advantage of reusability, realistic 
anatomy, and the ability to use real surgical instruments such 
as would be encountered in the operating room. These simu- 
lators are, however, significantly more expensive than low- 
fidelity models and require a considerable amount of 
maintenance. 

No one model provides an all-encompassing platform on 
which to learn every endourologic skill. However, many pro- 
vide valuable educational opportunities and together can be 
used to effectively train surgeons to acquire these challeng- 
ing skills.°°°* These models include mechanical latex mod- 
els, animals, cadavers, and computer-based virtual reality 
surgical simulators. Herein, we describe some of these teach- 
ing methods and the advantages and disadvantages of each. 


48.4 Material-Based Models 


A variety of material-based models have been created for 
teaching ureteroscopy and percutaneous renal access. Some 
of the moderately high-fidelity bench trainers for teaching 
ureteroscopy and intrarenal surgery are currently available 
including the Uro-Scopic Trainer™ (Limbs and Things, 
Bristol UK, Fig. 48.1), the Scope Trainer™ (Mediskills 
Ltd., Edinburgh, UK), and the kidney-ureter-bladder (KUB) 
model LapED™ (www.laped.org, Irvine, CA, USA, 
Fig. 48.2). The Uro-Scopic Trainer consists of a mannequin 
of the male genitourinary tract including kidneys, ureter, 
and bladder through which standard endoscopic instruments 
may be utilized. The Scope Trainer offers similar features 
including a distensible bladder, ureteral orifices, and ureters 
that follow the natural course for an adult male. Standard 
procedures such as ureteral or renal intra-corporeal litho- 
tripsy and ureteral tumor biopsy may be simulated with the 
Scope Trainer. 
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Fig. 48.1 Uro-Scopic Trainer™ by Limbs & Things, Ltd, Bristol, UK 
(Image kindly supplied by Limbs & Things, copyright 2009) 


Fig. 48.2 KUB Model™ developed at University of California, Irvine, 
CA (www.laped.org) 


Recently at the University of California, Irvine, we devel- 
oped a silicone kidney, ureter, and bladder (KUB) model 
using a cast from a human and pig kidney to create the intra- 
renal collecting system. This model has been used to teach 
ureteroscopy and intrarenal surgery procedures. Chou and 
colleagues examined the ability of two simulators, the high- 
fidelity bench model Uro-Scopic (Limbs and Things, Bristol, 
UK) and the virtual reality simulator UroMentor™ 
(Simbionix USA, Cleveland, OH), to teach basic uretero- 
scopic skills to inexperienced medical students.'° Sixteen 
medical students received didactic training and video 
instruction by a single faculty member. Participants were 


g .3 Percutaneous Nephrolithotomy Trainer™ by Limbs & 
Things, Ltd, Bristol, UK (Image kindly supplied by Limbs & Things, 
copyright 2009) 


trained on either the bench model or the VR simulator until 
they were able to perform the ureteroscopic procedure inde- 
pendently. After a 2-month interval, the participants were 
graded on their ability to perform basic ureteroscopy on a 
pig model. These researchers found no significant differ- 
ence between the two groups in their ability to perform the 
steps of the procedure and concluded that either of these 
training modalities may improve the initial clinical perfor- 
mance of urologic trainees. 

Urologist-acquired percutaneous renal access has become 
more common, but it is still estimated that only 11% of urol- 
ogists who perform percutaneous nephrolithotomy (PCNL) 
obtain their own renal access.” This may be due to lack of 
training, low level of comfort, or even perceived time con- 
straints. As most urologists who perform PCNL do not obtain 
their own access, many residents may never learn this impor- 
tant skill. Surgical simulation is a possible answer to assist 
both practicing and training urologists to gain the necessary 
skills to obtain their own percutaneous renal access. 

Two nonbiological models offer training platforms for 
percutaneous renal access procedures. The Percutaneous 
Nephrolithotomy Trainer™ (Limbs and Things, Ltd, Bristol, 
UK) (Fig. 48.3) allows for simulated needle insertion, passage 
of guidewires, dilation of the nephrostomy tract, nephroscopy, 
and stone removal.” The model consists of a silicone slab that 
responds to insertion of wires, dilators, and sheaths. The slab 
contains multiple calices where stones may be placed for pro- 
cedural variability. X-ray imaging is simulated, placing the 
translucent slab over a light box that is placed beneath the 
slab. The Perc Trainer™ (Mediskills, Ltd, Edinburgh, UK) is 
a bench model that simulates ultrasound- or fluoroscopic- 
controlled percutaneous renal access. This model also allows 
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for percutaneous nephrostomy tract dilation, stone extraction, 
or fragmentation and nephrostomy tube placement. 

The main advantage of the material-based models is 
that they allow the trainee to practice with actual endo- 
scopic instruments used clinically in the model platform, 
mimicking the in vivo scenario. However, these models 
require the availability of other equipment such as the 
endoscopes, guidewires, catheters, stone baskets, grasping 
devices, and lithotripsy equipment for a complete training 
experience. The role of a dedicated, expert educator should 
also be factored into the initial stages of training to ensure 
the proper acquisition of the endourologic skills. The dis- 
advantages of these model-based learning formats are the 
expense of the maintenance of the fragile endoscopes, 
replacement of the ancillary equipment, and the time the 
expert surgeon dedicates to providing feedback and guid- 
ance to the trainee. In addition, these models lack the real- 
ism of the reaction of normal tissue to the instrument 
manipulation, such as bleeding.” 


48.5 Animals 


Animal models have played a critical role in the field of med- 
ical research and surgical practice historically.” They have 
been used extensively to develop new surgical techniques 
and provide trainees with the necessary platform for expan- 
sion of skills. The advantage of using an anesthetized and 
ventilated animal model is that it allows realistic tissue con- 
ditions that more accurately simulate the human patient in 
terms of respect for handling tissues, issues of haptic feed- 
back, anatomic relations, as well as bleeding and respiratory 
movements.” 

Several animal models have been used to simulate the 
human anatomy. Although there are certain differences 
between animals and human anatomy, the porcine kidneys 
have been considered to most closely replicate that of the 
human for endourologic procedures.” Sampaio and col- 
leagues have described in detail the differences between the 
porcine kidney and the human kidney.” The porcine kidney 
is slightly smaller and has a greater number of calices and 
intrarenal arteries compared to the human kidney. It also lacks 
the perinephric fat, which increases the pig kidney’s mobility 
and poses further challenge to the training endourologist. The 
pig urinary tract has been used as an endourologic model 
because it is structurally and functionally similar to the human 
urinary tract.””*° This model has been used to train many pro- 
cedures including shock-wave lithotripsy, percutaneous renal 
access procedures, and ureteroscopic procedures. 

Biological bench models simulating percutaneous renal 
access surgery using pig kidneys have been described. 
Hammond and colleagues describe the use of porcine 


kidneys containing pre-implanted artificial calculi inside 
intact chicken carcasses to simulate percutaneous nephro- 
lithotomy using fluoroscopy.” Resident trainees subjected to 
this training format submitted anonymous questionnaires, 
and all the participants rated the exercise as worthwhile for 
improving comfort level with the procedures. Similarly, 
Strohmaier and colleagues utilized pig kidneys with intact 
ureters embedded in silicone to allow ultrasound-guided per- 
cutaneous renal access.” The researchers noted that simula- 
tion of all flexible and rigid endourologic techniques was 
possible with this model, which also provided a more realis- 
tic tissue handling than nonbiological models. Neither of 
these models has been rigorously validated, and compari- 
sons to nonbiological models remained to be performed. 

The main disadvantage of using live animals is the cost 
associated with this training model due to the handling and 
housing of the animals and the need for highly skilled per- 
sonnel for intra-operative management. Possible bovine 
spongiform encephalopathy (BSE) contamination of health 
care workers has led some countries, such as Canada and 
Great Britain, to prohibit the use of animals for medical train- 
ing programs.***!*4 However, it should be noted that the stan- 
dardization of regulations for animal care, and supervision of 
animal facilities can minimize risks and maximize the oppor- 
tunity of learning through this important teaching strategy. 

An alternative to the living anesthetized animal has been 
utilization of a harvested animal organ, such as the pig kid- 
ney, to simulate the anatomic conditions of a defined proce- 
dure. The organ can in turn be modified by perfusing with a 
colored irrigant to provide the trainee a simulated experience 
with perfusion requiring attention to hemostasis.*° The 
advantages of such a modification are its low cost, simplicity, 
availability, absence of anesthesia care, and minimization of 
ethical issues related to live animal use. 


48.6 Cadaveric Anatomic Materials 


Cadavers, whether fresh or embalmed, offer a very realistic 
surgical training environment and have been used for centu- 
ries to teach human anatomy. Cadavers have also been used 
as teaching models for endourologic procedures such as ure- 
terenoscopy and transurethral resection of the prostate.*°?! 
While providing a realistic anatomic model, the cadaver 
eliminates the need for anesthesia care and there are no time 
constraints during the period of training.” The procedure can 
be performed similar to the clinical situation but is limited by 
the absence of bleeding and may be influenced by changes in 
the haptic feedback. The potential risk of transmission of 
communicable diseases is a concern when working with 
human cadavers and therefore requires the same protective 
procedures as clinical endourology.”* Human cadaveric 
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models may be limited in supply and may have associated 
legal and ethical issues in some societies. Different cultures 
and countries may have different views regarding the use of 
human cadavers for teaching and research purposes.” 
However, willed body donation is one of the most significant 
contributions to medical education and at all times donated 
tissues should be maintained with respect and utilized with 
only informed consent.” 


48.7 Simulators for Teaching Endourology 


Surgical simulation is increasingly playing a significant role 
in teaching surgical skills proficiency. This teaching strategy 
has been shown to aid in the acquisition of surgical skills, 
allow for objective assessment of trainees, and improve the 
ability to evaluate trainees’ readiness for different levels of 
clinical responsibility.°~”* 

Several cystoscopic and ureteroscopic virtual reality sim- 
ulators are currently available commercially. The best-studied 
urologic simulator is the UroMentor™ (Simbionix USA, 
Cleveland, Oh) (Fig. 48.4), a Windows-based virtual reality 
ureteroscopy simulator. Several investigators have indepen- 
dently tested groups of inexperienced medical students who 
were randomized to training or no training on the UroMentor 
and showed that the trained group outperformed the untrained 
group by both objective and subjective measures, thereby 
establishing face, content, and concurrent validity.*®°’ 
Construct validity was subsequently confirmed by Jacomides 
and colleagues who compared the performance of 16 


Fig. 48.4 UroMentor™ by Simbionix USA Corp., Cleveland, OH 
(Image courtesy of Simbionix) 


medical students trained on the UroMentor with 16 VR-naive 
urology residents and showed that the VR-trained students 
performed comparable to first year urology residents when 
tested on a UroMentor clinical scenario and that task com- 
pletion times for the residents correlated inversely with their 
year of training.*? Ogan and associates confirmed concurrent 
and predictive validity of the UroMentor by comparing the 
performance of VR-trained medical students with that of 
untrained residents during ureteroscopy in a cadaver model.’ 
Student performance, but not resident performance, on the 
simulator correlated strongly with performance on the 
cadaver by some of the objective and subjective measures. 
Resident cadaver performance correlated strongly with level 
of training. The authors concluded that performance on the 
UroMentor can predict performance in the operating room 
for novices, but for more experienced endoscopists, clinical 
training and experience outweigh the contribution of VR 
training to overall operative proficiency. 

Further study by Matsumo and colleagues compared the 
UroMentor to a previously validated high-fidelity bench 
trainer (Uro-Scopic Trainer) for the assessment of endouro- 
logic skills. Urology residents of varying postgraduate 
years were assessed on their ability to perform endourologic 
tasks using a global rating scale. Senior residents scored sig- 
nificantly higher than junior residents and required less time 
to complete the VR simulator tasks. These researchers con- 
cluded that the performance on the VR simulator was com- 
parable to performance on the high-fidelity bench model and 
that the UroMentor ureteroscopy simulator was a useful tool 
for the assessment of resident performance. 

Recently, Reich and colleagues reported on a high-level 
VR simulator specifically designed for endourology proce- 
dures of the lower urinary tract. The Uro-Trainer™ (Karl 
Storz, Gmb H Tuttlingen, Germany) features virtual reality 
images derived from digital video footage of hundreds of 
endourologic procedures. The authors note the potential ben- 
efit of this simulator for the teaching of lower urinary tract 
procedures as compared to the UroMentor, which focuses pri- 
marily on the upper urinary tract procedures. The Uro-Trainer 
provides the choice of four optical endoscopes (0°, 30°, 70°, 
and 120°) with realistic force feedback. Bleeding is respon- 
sive to fluid flow and blood loss can be recorded. Multiple 
procedures may be performed utilizing a variety of tools such 
as resection loops and laser fibers. During training, objective 
data such as percentage of bladder mucosa inspected, per- 
centage of lesions treated, and blood loss are recorded. In this 
study, which included 24 medical students and 12 residents, 
exposure to the Uro-Trainer improved the performance of all 
groups, with more experienced participants showing greater 
aptitude, thus demonstrating construct validity. Further vali- 
dation studies using the Uro-Trainer have been proposed. 

Virtual reality simulation of percutaneous renal access has 
been demonstrated with the PercMentor™ (Simbionix USA, 
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PERC Mentor” 


Fig. 48.5 PercMentor™ by Simbionix USA Corp., Cleveland, OH 
(Image courtesy of Simbionix) 


Cleveland, OH) (Fig. 48.5). This percutaneous renal access 
simulator consists of a mannequin representing the human 
flank including simulated skin and palpable ribs. The access 
needle is designed so that its passage through the abdominal 
wall can be performed under simulated fluoroscopic guid- 
ance with real-time feedback including fluoroscopy times 
used, the ability to perform retrograde or antegrade pyelogra- 
phy, needle aspiration, and rotation of the C-arm. A computer 
interface provides multiple learning tasks designed to guide 
the student through components such as accessing various 
calices, passage of guidewires, and use of ureteral catheters 
to assist with guidewire passage. Face, content, and concur- 
rent validity of the simulator have been established by 
Knudsen and colleagues who showed that inexperienced 
medical students and residents randomized to training on the 
PercMentor outperformed controls in a VR-case scenario by 
subjective and objective criteria.” The PercMentor-trained 
students and residents obtained percutaneous renal access in 
a porcine model faster and more accurately than their 
untrained counterparts, thereby demonstrating concurrent 
and predictive validity.'°! 


48.8 Assessment and Maintenance 


of Certification 


Assessment of surgical competence has been based tradition- 
ally on evaluations of the trainee by senior surgeons or 


faculty clinicians through the number of caseloads, 
intra-operative assessment, or recorded videos.' The limita- 
tions of these methods of assessment are susceptibility to 
subjectivity and possible bias since most faculty assessors 
are not specifically trained as evaluators. They may commit a 
“central tendency error” and not utilize the entire scale when 
evaluating resident performance. The assessment can also be 
influenced by the evaluators’ overall impression of the trainee 
and may be further influenced by recall bias.’ 

Surgical simulation will play an important adjunct to 
traditional methods of education, especially in the formative 
and maintenance aspects of surgical proficiency.*°?>!0%!% 
As different clinical scenarios are being created, surgical 
simulation may eventually be used to evaluate clinical judg- 
ment of a trainee during testing of surgical skills perfor- 
mance. With computer-based surgical simulation, a trainee 
may be truly evaluated objectively in the absence of bias for 
race, sex, or age.'°'°° After establishing the content, con- 
struct, and predictive validity of the various simulators, these 
may be used in the future as part of the selection process of 
candidates for surgical training programs, assessment of train- 
ees during their surgical training course, and as part of the 
certification and recertification process.'°"''° 


48.9 Conclusions 


Surgical simulation will not replace the need for well-designed, 
comprehensive educational curricula or reduce the importance 
of dedicated and committed educators, but will enhance and 
complement these efforts. The integration of simulation into 
the surgical training curriculum will allow the trainee to 
acquire the basic surgical skills foundation and attain perfor- 
mance levels according to predetermined proficiency levels 
for each stage of the training program. This will then allow the 
surgeon educator to concentrate on teaching residents the 
judgment and professionalism of being an expert surgeon, and 
strengthen the knowledge and interpretation of what is 
observed in the clinical setting in order to create a competent 
surgeon at both the cognitive and skills performance levels. 
Simulation must be used within an effective learning environ- 
ment, underpinned by knowledge and professional attitudes.“ 
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Part IX 


Surgical Management Ill: Open Surgery 


Open Surgery to Remove Stones: When 


and How? 


Gunnar Wendt-Nordahl, Thomas Knoll, and Peter Alken 


Abstract In the age of shock wave lithotripsy and endoscopic stone therapy (percutaneous 
nephrolithotomy and retrograde [flexible] ureterorenoscopy), open stone surgery is only rarely 
performed and the indications are limited to a very low number of selected cases. In centers offer- 
ing all stone treatment modalities, open stone removing procedures constitute around 1-5% of all 
procedures. However, despite that most situations can be handled by minimally invasive treatment, 
open stone surgery is still mandatory in special cases. It is therefore absolutely necessary that the 
skills of open stone removing procedures do not completely fall into oblivion. This chapter reviews 
current indications for open stone surgery and gives an overview on the applied techniques. 


49.1 Introduction 


During the last 30 years, the growing importance of minimally 
invasive treatment modalities has dramatically diminished 
the role of open stone surgery. Since the introduction of shock 
wave lithotripsy (SWL) and the endoscopic techniques of 
percutaneous nephrolithotomy (PNL) and retrograde (flexi- 
ble) ureterorenoscopy (URS), very rare cases require open 
surgical stone removal. An analysis of US Medicare data 
revealed a decrease in open stone surgery from 12.5% in 1988 
to 2% in 2000.' Other studies from Western centers report 
similar rates ranging from 1-5%.*> In our institution, 26 open 
stone removing procedures were performed in the last 10 
years, accounting for 0.4% of all stone-related procedures. In 
contrast to that, in developing countries with a high incidence 
of urolithiasis, the rate of open stone removal may still be 
higher. A recent survey from Pakistan reported an incidence 
of 26% for open stone surgery in the years 1987 to 1995, 
decreasing to 8% in the years 1996-1998.° 

In 1979, the term “endourology” has been defined as 
“closed controlled manipulation within the genitourinary 
tract” and summarizes most minimally invasive urological 
procedures. In times of increasing specialization, this devel- 
opment has led to dedicated “endourologists,” who specialize 
in minimally invasive urinary tract stone treatment but may 
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lack the skills to perform open stone removing procedures. 
This development creates potential problems. Although open 
stone surgery has become rare in most urological centers, it 
still is mandatory in special cases and even centers specializ- 
ing in minimally invasive stone therapy report incidences of 
open stone surgery between 1% and 5%.*> To be able to offer 
an adequate treatment to those selected patients, it is crucial 
that the techniques of open stone removal must not com- 
pletely fall into oblivion. It is therefore desirable to train the 
new-generation urologists, who grew up with minimally inva- 
sive techniques, in the skill of open stone surgery. As patient 
numbers for open stone removal are low, this is often difficult 
to achieve in practice. In a recent survey, more than 90% of 
younger urologists (aged 30—40 years) considered themselves 
adequately trained in minimally invasive procedures, whereas 
only 55% considered themselves properly trained for open 
stone surgery. In contrast to that, almost all polled urologists 
older than 50 years were adequately trained in open stone 
removing procedures but lacked training in minimally inva- 
sive procedures during their residency.® 

In this chapter, current indications and techniques of open 
stone surgery are reviewed and described. 


49.2 Indications for Open Stone Surgery 


Whereas open stone removal constituted a standard procedure 
until the 1980s, the introduction of shock wave lithotripsy 
and endourological techniques has limited the indications to 
exceptional cases today. Several contemporary studies report 
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arate of open stone surgery in interventional stone treatment 
to range from 1-5%.*° Depending on the series, various 
reasons for open stone removal can be found. 

In our institution, 26 open stone removal procedures were 
performed in the last 10 years, making up for 0.4% of all 
stone-related procedures. Indications were complete or partial 
staghorn stones (11 cases), concomitant open surgery for ure- 
teropelvic junction obstruction, symptomatic renal cysts or 
tumors (6 cases), non-functioning stone-bearing lower poles 
requiring partial nephrectomy (3 cases), the desire to facilitate 
future stone passages in cystine stone formers receiving ileum- 
ureter replacement (2 cases), multiple stones in peripheral 
calyces (2 cases), a ventral diverticulum stone and failed mini- 
mally invasive procedures in 1 case, respectively. 

In other series, main indications for open stone surgery 
included complex stone burden (55%), failed SWL or 
endourological procedures (29%), anatomical abnormalities 
like ureteropelvic junction obstruction, infundibular stenosis 
or renal caliceal diverticulum (24%), morbid obesity (10%) 
and comorbid medical diseases (7%).° Another series reported 
calculi in anterior caliceal diverticula (29%), large volume 
stones in non-functioning lower pole regions (29%), extremely 
large volume staghorn stones associated with infundibular 
stenosis (29%), and failed endoscopic interventions (14%) as 
indications for open stone removal.* Buchholz and colleagues 
reported among their open surgical cases nephrectomy for 
non-functioning stone-bearing kidney in 54%, Psoas-Hitch or 
Boari plasty in 23%, simultaneous pyeloplasty for ureteropel- 
vic junction obstruction in 15%, and emergency nephrectomy 
for severe bleeding after PNL in 8%.” 


Fig. 49.1 (a) IVP of a patient 
with a large staghorn stone in the 
left kidney. (b) The relatively 
small central and large peripheral 
stone mass favors open stone 
removal as a percutaneous 
approach would require multiple 
access tracts and probably 
multiple staged procedures 


The clinical guidelines by the European Association of 
Urology (EAU) and the American Urological Association 
(AUA) recommend either PNL or SWL or a combination for 
most renal stones, whereas indication for open stone removal 
is limited to very selected cases.*'° 

Reviewing the EAU and AUA guidelines for open stone 
removal may be used in the following cases: 


e Complex stone burden with a large stone mass in periph- 
eral calices requiring multiple access tracts in a percuta- 
neous approach or multiple staged procedures (see 
Fig. 49. 1a, b) 

e Treatment failure with SWL or endourological procedures 

e Patient choice in complex stones preferring a single pro- 
cedure over anticipated multiple minimally invasive 
procedures 

e Intrarenal anatomical abnormalities requiring surgical 
correction or hampering endourological access like 
stones in caliceal diverticula (especially in an anterior 
calyx), ureteropelvic junction stricture, or infundibular 
stenosis 

e Concomittant open surgery; for example, for renal tumors, 
symptomatic cysts, or ureteropelvic junction obstruction 

e Stones in ectopic or transplanted kidneys where mini- 
mally invasive procedures may be difficult or impossible 
because of risk of damaging neighboring structures 


e Large stone burden in children because of difficult 
endourological access to small sized anatomy, easy surgi- 
cal access, and reducing the need to only one anesthetic 
procedure 
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Table 49.1 Current indications for open stone surgery 


Major stone mass in multiple peripheral calices with narrow 
infundibula 


Treatment failure of minimally invasive procedures 


Patient choice preferring a single procedure to multiple minimally 
invasive procedures 


Anatomical anomalies requiring surgical correction or hampering 
endourological access 


Stones in ectopic or transplanted kidneys hampering endoscopic 
access 


Morbid obesity (relative) 

Concomitant open surgery 

Large stone burden in children 

Limited experience or limited access to minimally invasive techniques 


Significant loss of renal function demanding partial or total 
nephrectomy 


e Morbid obesity 

e Skeletal deformity, like contractures or fixed deformities 
of hips or legs, hampering endourological access 

e Extent or complete loss of renal function requiring partial 
or total nephrectomy 

e Limited experience or limited access to minimally inva- 
sive techniques 


Several of the aforementioned indications have to be regarded 
only as relative as percutaneous stone removal can be success- 
fully performed in morbidly obese patients and those with 
ectopic, horseshoe, or transplanted kidneys.'!'° Furthermore, 
children can be sufficiently treated by minimally invasive pro- 
cedures in most cases,'* and departments with limited experi- 
ence with PNL should rather refer patients to more experienced 
centers than denying them the minimally invasive treatment 
option. Stones in anterior calyceal diverticula can be treated 
either minimally invasive by flexible URS or in a laparoscopic 
approach in most cases. =" 

Current indications for open stone surgery are listed in 
Table 49.1. 


49.3 Preoperative Diagnostics 


Besides assessing medical history and administering a thor- 
ough physical examination, the following diagnostic proce- 
dures should be performed prior to surgery to assess the exact 
stone mass and localization, renal anatomy, and function. 


49.3.1 Sonography 


By using an abdominal scanner, information about the renal 
anatomy, stone size, and localization as well as relation to 
neighboring organs can be obtained. Measuring the diameter of 


the renal parenchyma may give hints on the renal function as a 
chronic renal insufficiency leads to a reduction in the parenchy- 
mal diameter. An obstruction of the collecting system can be 
diagnosed as well as anatomical anomalies like ectopic kid- 
neys, malrotation, horseshoe kidneys, cysts, or tumors. 


49.3.2 Plain X-ray and Intravenous Urography 


The combination of plain X-ray and intravenous (IV) urogra- 
phy gives information on the exact intrarenal stone localiza- 
tion, obstruction, and anatomical anomalies of the collecting 
system. 


49.3.3 CT Scan 


A computed tomography (CT) scan is not routinely required 
for preoperative diagnostic workup but can be useful in spe- 
cial situations. In the case of multiple peripheral stones and 
overprojection on plain X-ray, a CT scan is helpful for exact 
localization of the stone mass. Furthermore, in case of poor 
visualization of the stones on plain X-ray due to stone com- 
position (uric acid or cystine stones), morbid obesity, or other 
hampering factors like overlying bowel, a CT scan is the 
method of choice for stone detection. Also, in case of unclear 
findings in sonography, a CT scan can be helpful in identify- 
ing anatomical anomalies of the kidney or adjacent organs. 


49.3.4 Scintigraphy 


The split renal function with region of interest has to be 
obtained by MAG3 scintigraphy prior to surgery if partial or 
total nephrectomy is considered. 


49.3.5 Urine Culture 


An existing urinary tract infection should be ruled out by 
urine culture. If bacteriuria is present, antibiotic treatment 
should be initiated and surgery be delayed until the urine is 
sterile. In case of infection stones, it may not always be pos- 
sible to obtain sterile urine. In this case, surgery should be 
undertaken under antibiotic protection. 

Based on these diagnostic findings, the patient has to be 
informed about the planned procedure in detail. The informed 
consent has to include all possible procedure-related risks 
and alternative treatment options. 
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49.4 Surgical Techniques for Open 
Stone Removal 


49.4.1 Approach 


In most cases, a flank incision offers the best surgical 
approach for stone removal from the kidney. The appropriate 
surgical approach may be varied depending on the location 
of the stone mass, potential hampering neighboring struc- 
tures, or concomitant surgery. 

For the flank incision, the patient should be positioned in 
a lateral position and overstretched. The skin is incised above 
the 12th to 10th rib. In case of previous surgery, the incision 
should be made always one rib above the last incision. 

The renal fascia (Gerota’s fascia) is incised over the lateral 
convex surface of the kidney. Afterward the perirenal fatty 
tissue (capsula adiposa) is dissected down to the renal capsule 
from upper to lower pole. After separating the ventral fatty 
tissue from the kidney surface, the ureter is located and a ves- 
sel loop is placed around it. Starting from the ureter, the renal 
pelvis is dissected. If necessary, the fatty tissue is further 
removed until the kidney is completely exposed. The hilum 
vessels are carefully dissected and also encircled by vessel 
loops. Intraoperative radiography and/or sonography using a 
7 MHz scanner is used for exact localization of the calculi. 

Next, the stones can be removed by one or a combination 
of the techniques described as follows. 


49.4.2 Cold Ischemia 


Several surgical interventions such as partial nephrectomy, 
anatrophic nephrolitotomy, or multiple radial nephrotomies 
may require temporary occlusion of the renal artery. As isch- 
emic conditions can lead to enhanced vasoconstriction, 
reduction of medullary blood flow, endothelial and tubular 
cell injury, and consecutive loss of renal function'*; arterial 
occlusion should be avoided or kept to a minimum whenever 
possible. Animal studies have shown that ischemic intervals 
of up to 30 min can be tolerated without persistent loss of 
renal function.!? But a kidney with already reduced function 
may be more susceptible to ischemia. Several basic tech- 
niques help to improve the tolerance to the ischemic period. 
It has been shown that closing the renal artery alone leads to 
less functional impairment than closing both the artery and 
the vein.” Intermittent clamping of the renal artery allowing 
short periods of recirculation should be avoided as this also 
leads to increased renal damage.”! 

Several other adjunctive measures that can easily be 
employed increase the tolerance to the ischemic condition. 
Optimal pre-ischemic renal perfusion is achieved by generous 
pre- and intraoperative hydration and avoidance of hypoten- 
sion. Renal plasma flow and osmotic diuresis are increased by 


applying mannitol solution 15 min prior to initiating ischemia.” 
Furthermore, the renin angiotensin system is suppressed by 
administration of an angiotensin-converting-enzyme (ACE) 
inhibitor; for example, enalapril. This prevents vasospasm and 
reduces the post-ischemic vascular resistance at reperfusion. 
ACE inhibitors have been shown to reduce post-ischemic tubu- 
lar necrosis and lead to higher glomerular filtration rates.” 

If the anticipated ischemic period exceeds 30 min, local 
hypothermia is most effective in limiting renal damage and 
provides protection for up to several hours.'*’* The lower tem- 
perature leads to reduced energy-dependent metabolic activity 
with consecutive reduced oxygen consumption and adenosine 
triphosphate breakdown.” Based on animal studies, the opti- 
mal temperature for in vivo hypothermia was found to be 
15°C.'° As this is often difficult to achieve during an opera- 
tion, a renal core temperature of 20°C is generally accepted. 

Intraoperative hypothermia of the kidney can be achieved 
by various techniques described in experimental or clinical 
situations varying from surface cooling in ice, vascular perfu- 
sion, collecting system irrigation, cooling coils or plates. The 
most widely used technique for applying hypothermia is sur- 
face cooling in slush ice because of its simplicity. Immediately 
after clamping the renal artery, the mobilized kidney is sur- 
rounded by a plastic bag in which sterile ice slush is placed. It 
is important to completely imbed the kidney for 15 min into 
the ice to achieve an adequate temperature of 15—20°C at the 
core. During the operation on the kidney, care should be taken 
not to free large areas from the ice slush so that rewarming 
does not occur and the risk of ischemic injury is kept low. 

This technique requires puncture of the renal vein and 
artery distal to the occluding clamp. It offers the advantage 
of a rapid and uniform development of hypothermia in the 
whole kidney, whereas topical cooling with ice leads to 
irregular hypothermia with lower temperatures at the surface 
and less effect at the core. The latter technique or transarte- 
rial cooling via an angiography balloon catheter that is pre- 
operatively placed in the renal artery by the radiologist under 
fluoroscopic control offers an improved preservation of renal 
function compared to topical slush ice hypothermia in a 
comparative study.”° 

Disadvantages of this approach include a greater invasive- 
ness and more technical equipment. A modern application of 
this technique has been described by Janetscheck for laparo- 
scopic partial kidney resection.” As topical cooling with 
slush ice is technically easier to achieve and produces good 
functional results, this technique is generally preferred in 
open surgery. 


49.4.3 Simple Pyelolithotomy 


Indication: Renal Pelvic Stone 
The renal pelvis is incised transversely in a U-shaped 
form with a Potts scissors sparing the ureteropelvic junction. 
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The loop around the ureter prevents small stones from 
migrating into the ureter. The stones are withdrawn from the 
renal pelvis with forceps. After removing all accessible cal- 
culi, a flexible nephroscope can be inserted to inspect the 
collecting system and remove remaining stones. Alternatively, 
the “coagulum pyelolithotomy” has been described, in which 
a coagulum mixture is injected into the closed renal pelvis. 
There it forms a cast containing the stones and can be 
extracted via a pyelotomy. Thorough irrigation of the collect- 
ing system is required. An 8 F catheter can be passed down 
the ureter to ensure that it is clear of stones. A nephrostomy 
tube may be placed and brought out through the lower pole, 
but is not necessary in an uncomplicated procedure. The 
pyelotomy is closed with running 4—0 absorbable sutures.”’ 


49.4.4 Extended Pyelolithotomy (Gil-Vernet) 


Indication: Staghorn Stones 

For extended pyelolithotomy, complete mobilization of 
the kidney is necessary to control the renal artery and facili- 
tate radiography. After removal of excess fatty tissue, the 
renal pelvis is completely dissected on the adventitia enter- 
ing the renal hilum. The pelvis is separated bluntly from the 
hilum with moist cotton strips to expose the calyceal necks. 
The pelvis is then incised with Potts scissors in an open 
U-shape lengthened to reach the lowest and the highest 
calyx sparing the ureteropelvic junction (see Fig. 49.2). 
The stone is mobilized with stone hooks to free it from the 


Fig. 49.2 Extended pyelolithotomy. The renal pelvis is dissected on the 
adventitia entering the renal hilum to expose the bases of the infundib- 
ula. The pelvis is incised in an open U-shape for stone removal 


Fig. 49.3 Extended pyelolithotomy. Extraction of renal pelvic stone 
with stone forceps 


pelvic urothelium and is pulled out with forceps under 
rotating movements (see Fig. 49.3). Where possible, the 
stone should be removed in a single piece. If necessary, the 
stone can be fragmented with cutting forceps, bone saw, or 
drill. Caliceal extensions of staghorn stones can be extracted 
with a rigid or flexible nephroscope. Radial nephrotomies 
(see below) may be used for complete stone removal if an 
extraction of caliceal stones with a nephroscope is not pos- 
sible. After thorough irrigation of the collecting system, 
intraoperative radiography is used to document complete 
stone-free status. An 8 F catheter can be passed down the 
ureter to ensure that it is clear of stones. A nephrostomy 
tube may be placed and brought out through the lower pole, 
but is not necessary in an uncomplicated procedure. The 
pyelotomy is closed with running 4—0 absorbable sutures. 
For the complete removal of large staghorn stones with 
multiple caliceal extensions, it is often necessary to com- 
bine the extended pyelolithotomy with one or several radial 
nephrotomies.”’78 


49.4.5 Pyelonephrolithotomy 


Indication: Lower Caliceal Stone 

After exposing the renal pelvis and vessels as described 
previously, an oblique incision extending into the infundibu- 
lum of the stone-bearing lower calyx is performed. The pos- 
terior segmental artery does not reach the lower pole, and the 
inferior segmental artery crosses the calyx neck at the ventral 
aspect from ventral to dorsal. Therefore, the renal paren- 
chyma can be cut without damaging any relevant arterial 
blood vessels. The renal capsule over the infundibulum is 
incised and the parenchyma is bluntly separated with brain 
spatula or the knife handle. The pelvic incision is continued 
into the infundibulum and the affected calyx. After extract- 
ing the stone, bleeding vessels are ligated. After ensuring 
complete stone removal, the infundibulum and pelvis are 
closed with running 4—0 absorbable sutures.” 
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49.4.6 Anatrophic Nephrolithotomy 


Indication: Staghorn Stones or Large Stone Mass Located in 
Multiple Peripheral Calices with Narrow Infundibula 

As anatrophic nephrolithotomy requires clamping of the 
renal artery, hypothermia is always required to minimize 
renal injury (see Sect. 49.4.2). In this procedure, stone access 
is established by a renal longitudinal incision performed in 
an avascular area between the anterior and posterior arterial 
blood supply. As this demarcation line is very variable, it is 
necessary to identify the segment junction prior to the inci- 
sion. Therefore, after complete exposure of the kidney and 
the renal vessels, the posterior segmental branch of the renal 
artery is clamped individually. Blanching of the posterior 
segment can be observed (see Fig. 49.4). Intravenous injec- 
tion of methylene blue colors the remainder of the kidney 
and may so help to outline the incision area. The demarcation 
line between the ischemic and the blood-perfused area of the 
kidney surface is marked with a pen or the electrocauter. 

After applying hypothermia and occluding the main renal 
artery, a longitudinal incision is performed in the previously 
identified area. The parenchyma is bluntly separated until the 
collecting system is reached. Depending on stone localiza- 
tion, the calices, the pelvis, or both are opened to extract the 
stones (see Fig. 49.5). If an extension of the initial incision is 
required, special attention has to be paid to the dorsal vessels 
crossing from dorsal to ventral at the cranial edge of the top 
calyx and from ventral to dorsal at the caudal edge of the 
lower calyx. Whenever possible, the stone should be extracted 
in a single piece. Intraoperative X-ray, sonography, or flexible 


Fig. 49.4 Anatrophic nephrolithotomy. Vascular clamp on posterior 
segmental artery with resulting anatrophic demarcation 


Fig.49.5 Stone extraction via longitudinal anatrophic nephrolithotomy 


nephroscopy is useful to check for complete stone removal. 
The collecting system is then closed with 5—0 absorbable 
sutures, and cut vessels are suture ligated. The parenchyma 
is approximated with 4-0 absorbable mattress sutures. 
Afterward, hypothermia is ended and the arterial clamp is 
released.” 730 


49.4.7 Radial Nephrotomy 


Indication: Caliceal Stones or Diverticulum Stones Not 
Extractable Via a Pyelotomy. Large Staghorn Stones with 
Multiple Caliceal Extensions that Require Several Radial 
Nephrotomies in Addition to an Extended Pyelolithotomy 

An extended pyelolithotomy is initially performed, and as 
many stones as possible are removed by this least invasive 
access. Residual calculi detected by intraoperative pyelos- 
copy, radiography, or sonography can be removed by one or 
multiple small radial nephrotomies (see Fig. 49.6). 

We prefer ultrasound-guided radial nephrotomies. The 
stone-bearing calyx and the intraparenchymal vessels are 
located exactly to assure the shortest transparenchymal 
access and prevent lesions to the arterial branches. The exact 
stone localization can be easily performed by intraoperative 
sonography using a small part 7 MHz scanner. The shortest 
transparenchymal access to the stone is determined to decide 
if an anterior or posterior incision is performed. By using the 
Doppler function in modern duplex sonography scanning 
probes in the estimated area of incision, an avascular area 
can be identified (see Fig. 49.7a, b).°!*? 

The renal capsule is radially incised over the stone at the 
predetermined site. The renal parenchyma is then bluntly 
separated with brain spatula until the stone-containing calyx 
is reached. After perforation of the calyx, the stone can be 
extracted with forceps (see Fig. 49.8a, b). Larger stones can 
be fragmented with a pneumatic drill or cutting forceps to 
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Fig. 49.6 Extended pyelolithotomy combined with radial nephroto- 
mies. Multiple radial incisions of the renal parenchyma and removal of 
caliceal calculi with stone forceps 
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Fig.49.7 (a) Sonography-guided radial nephrotomy. (b) By using mod- 
ern duplex sonography scanners, all relevant structures including blood 
vessels can easily be identified. Even when multiple nephrotomies are 
performed, in most cases, no clamping of the renal artery is required 


Fig. 49.8 Radial nephrotomy. Radial incision of renal parenchyma 
over the stone-bearing calyx (a) and stone extraction (b) 


facilitate extraction. A dilation of the nephrotomy with a 
cold light-equipped nasal speculum may be useful for 
inspection of the collecting system. After removal of all 
stones and thorough irrigation of the calyx, the nephrotomy 
is closed with 4-0 absorbable sutures of the renal capsule.” 
Additional intraoperative radiography can help localize 
residual stones (see Fig. 49.9a, b). 

If the technique of ultrasound-guided nephrotomy is prop- 
erly mastered, temporary ischemia with or without hypo- 
thermia is not necessary even when multiple nephrotomies 
are performed (see Figs. 49.10 and 49.11). This helps in pre- 
serving the often already compromised renal function. 

Alternatively, multiple radial nephrotomies can be per- 
formed under ischemia by clamping the renal artery and 
applying hypothermic conditions analogous to anatrophic 
nephrolithotomy. 


49.4.8 Partial Nephrectomy 


Indication: Partial or Complete Loss of Renal Function in 
the Stone-Bearing Area when Stone Removal Alone Is Not 
Expected to Improve the Function Significantly 
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Fig. 49.9 (a) Intraoperative radiography. (b) A residual calculus is 
detected 


Nae” “SN 


Fig. 49.10 Kidney after multiple sonography-guided radial nephroto- 
mies without ischemia. Moist cotton strips are temporarily placed in the 
nephrotomies 


The whole kidney is mobilized, and the renal vessels are 
exposed. In case of polar vessels supplying the segment to be 
resected, these are ligated and divided. If necessary, the renal 
artery is clamped to apply ischemia, and hypothermia is initi- 
ated, as described previously. The renal capsule is incised at 


Fig. 49.11 Kidney after closure of multiple radial nephrotomies and 
insertion of nephrostomy tube 


the site of the proposed resection. The parenchyma is bluntly 
separated using brain spatula or the knife handle following 
the radial plane between the renal lobules. Arcuate vessels 
and caliceal infundibula are cut as distally as possible. After 
removing the specimen, vessels are suture ligated with 4—0 or 
5-0 absorbable sutures and the collecting system is closed by 
running 5-0 absorbable sutures. Absorbable collagen or an 
argon-beam laser may be used for hemostasis if needed. The 
renal parenchyma including the capsule is closed using 3-0 
absorbable mattress sutures. A ureteral stent is not necessary 
in the majority of cases. After releasing the clamp on the renal 
artery, a close inspection is necessary to detect bleeding.” 


49.5 Conclusions 


The widespread use of endourologic procedures and shock 
wave lithotripsy has limited the indications for open stone 
removing procedures dramatically. Today, open stone surgery 
is applied in patients mainly after failed minimally invasive 
treatment, in patients with anatomical renal or extrarenal abnor- 
malities hampering or preventing minimally invasive treatment, 
in patients undergoing simultaneous open surgery for other 
reasons, or in patients with partial or complete loss of renal 
function.” In Western centers, open stone surgery constitutes 
1-5% of stone removing procedures. Although this develop- 
ment toward less invasive stone treatment is generally favor- 
able, it can lead to some problems as the reduced frequency of 
open stone surgery may influence the treatment outcome. 

In this context, it is worth reviewing the results of the 
meta-analysis on interventional treatment of staghorn stones 
performed by the AUA Nephrolithiasis Guideline Panel in 
2005. In this meta-analysis, a stone-free rate of 71% after 
open stone removing procedures was observed.” The signifi- 
cantly higher stone-free rate of 82% found in the meta-analysis 
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11 years earlier” may be regarded as an indication that the 
skill to perform open stone surgery is declining. However, as 
the data of the 2005 meta-analysis derive from only three 
patient groups including 51 patients, this reproach may not 
be completely justified. Today, a combination of PNL and 
SWL is considered treatment of choice for most staghorn 
calculi. However, whereas the stone-free rate of this approach 
was 81% in 1994, it also dropped to 66% in 2005. Such a 
low treatment efficacy suggests that today complex cases are 
maltreated by minimally invasive technology and that in 
such cases, open stone surgery might offer a better alterna- 
tive (compare Figs. 49. 1a, b and 49.12a, b). 

Generally, complex stone situations involving a large 
peripheral stone mass can be handled either by anatrophic 
nephrolithotomy or by extended pyelolithotomy combined 
with one or several radial nephrotomies. Both procedures 
require the complete mobilization of the kidney and the 
exposure of the renal vessels. Whereas anatrophic nephro- 
lithotomy routinely requires ischemic conditions, extended 
pyelolithotomy and ultrasound-guided radial nephrotomies as 
described previously can be performed without clamping the 
renal artery in most situations. As transient ischemia bears the 
risk of further impairing the often already reduced renal 


í 


Fig. 49.12 (a) Postoperative radiography of the same patient as in 
Fig. 49.1 proving stone-free status after (b) a single open stone removing 


procedure (extended pyelolithotomy and multiple radial nephrotomies) 


function, this approach seems advantageous. Furthermore, as 
the renal vascular anatomy is very variable, it may become 
difficult to clearly identify a complete avascular area in which 
the longitudinal nephrotomy for anatrophic nephrolithotomy 
is performed. As damage to intraparenchymal arterial 
branches regularly leads to loss of nephron function, such an 
approach may further reduce the often already impaired renal 
function. 

In contrast to this, extended pyelolithotomy and ultra- 
sound-guided radial nephrotomies can be performed without 
applying ischemia in most situations. The exact position of 
the radial nephrotomy can be identified by using intraopera- 
tive ultrasonography to reliably localize the stone-bearing 
calyx and assess the shortest access to the stone. Furthermore, 
the Doppler function of modern duplex sonography probes 
visualizes intraparenchymal blood vessels and helps to iden- 
tify an avascular area in which the incision can be performed 
with minimal harm to the kidney. 

Although the points mentioned previously seem to favor 
the combination of extended pyelolithotomy over anatrophic 
nephrolithotomy, both procedures are equally performed 
leaving it to the individual urologist to decide which approach 
he prefers. 
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Autotransplantation and Ureteric 
Replacement: In Whom and How? 


Jack M. Zuckerman and Dean G. Assimos 


Abstract Patients with nephrolithiasis can develop ureteral stricture or sustain ureteral injury 
during attempts at stone removal. While some of these can be addressed with an endourologic 
approach, certain patients will need to undergo a major ureteral reconstructive procedure such 
as ileal ureter and other bowel substitution of the ureter, Boari flap, or autotransplantation. 
An extremely small number of patients may benefit from ileal ureter substitution to facili- 
tate stone passage. The indications, techniques, and results of these various operations are 


reviewed in this chapter. 


50.1 Introduction 


Patients with nephrolithiasis may require ureteral replace- 
ment as a consequence of procedures utilized to remove 
stones, stricture due to stone impaction, congenital abnor- 
malities of the ureter, and rarely to facilitate stone passage in 
the refractory stone former. The advent of minimally inva- 
sive stone removing techniques including ureteroscopy was 
associated with an increased incidence of ureteral injuries.' 
Endourological procedures, mainly ureteroscopy, are cur- 
rently the most common cause of ureteral injury.? However, 
improvements in ureteroscopic technology and increasing 
surgical experience have resulted in low complication rates 
with ureteroscopic stone removal and stricture rates less than 
1% at high volume centers.* Ureteral stricture associated 
with stone removal can be due to perforation of the ureter, 
thermal injury from intracorporeal lithotripsy, false passage 
of the ureter with endoscopes, guide wires, stents and endo- 
scopic instruments, imbedded submucosal stone fragments, 
and devascularization during open or laparoscopic uretero- 
lithotomy. Ureteral avulsion, an even rarer complication, is 
typically due to attempts at basket removal of large ureteral 
stones.**° Other possible causes of this complication include 
intussusception of the ureter with manipulations of a uretero- 
scope or a ureteral access sheath.°’ Ureteral injury with 
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endoscopic stone removal can occur during both antegrade 
and retrograde ureteroscopic stone removal. Inflammation of 
the ureter associated with stone impaction is thought to be a 
factor for development of stricture. Roberts and associates 
reported that strictures developed in 24% of patients after 
endoscopic stone removal of stones impacted greater than 
2 months.® Patients with extreme levels of stone activity may 
benefit from ureteral replacement with bowel interposition to 
facilitate stone passage. This should only be undertaken if 
medical therapy for stone prevention fails or is not tolerated. 
Herein, the indications for ureteral replacement, patient 
selection and preparation, operative techniques, complica- 
tions and their management, and reported results will be 
reviewed. 


50.2 Indications and Contraindications 


Ureteral replacement is a highly effective treatment for dis- 
orders leading to damage or disease of the ureter, and in 
some with normal ureteral function, a method of facilitating 
stone passage. A multitude of conditions besides stone- 
related problems have been treated surgically with ureteral 
replacement. Although the list of specific conditions leading 
to ureteral replacement is quite extensive, common themes 
emerge when looking at them together. The most common 
broad indication for replacement is ureteral stricture. 

When evaluating a patient for ureteral replacement, it is 
important to determine that the targeted kidney has adequate 
function. If the disease process that has led to ureteral damage 
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is chronic rather than acute in nature, the renal function may 
have declined to such a degree that salvaging the kidney is not 
worthwhile. Nuclear renography is recommended, and recon- 
structive surgery is generally considered if the targeted renal 
unit contributes 10% or more of global renal function. 

It is important to assess whether a minimally invasive or 
lessextensive procedurecouldbeeffective. Endoureterotomy 
achieves reasonable success if the stricture is less than 
1 cm, the involved renal unit has good function, and the 
targeted tissue has not been radiated.’ Strictures in the 
middle and proximal ureter may be amenable to ureter- 
oureterostomy if there is ample ureter above and below the 
stricture allowing performance of a tension-free anastomo- 
sis. Ureterocalicostomy is an option for patients with a 
proximal ureteral stricture at or just below the ureteropel- 
vic junction, especially those with an intrarenal pelvis.'° 
Renal mobilization may help in such cases. Similarly, 
distal ureteral strictures can be repaired with ureteral 
reimplantation. 

Patients with middle and proximal ureteral strictures or 
those with avulsion injuries in these areas can be managed 
with a Boari flap procedure. This will depend on the distance 
of the ureteral gap, and capacity and condition of the blad- 
der. The presence of a small, thickened, noncompliant blad- 
der, or history of pelvic radiation may prohibit the 
performance of this procedure. This operation, though itself 
constituting major reconstruction, does not necessarily 
require entry into the peritoneum, and the use of bowel or 
vascular reconstruction is not needed, thereby limiting risks 
to the patient. 

Large proximal lesions, especially those involving the 
renal pelvis, will often require a bowel interposition. Ileal 
ureter is usually preferred over interposition of the appendix 
or a Monti procedure as it better allows spontaneous pas- 
sage of stones. This bowel segment is preferred to jejunum 
as the latter is associated with more electrolyte distur- 
bances.'' Ileal ureter replacement, however, is not appropri- 
ate for all patients. This procedure should be avoided in 
patients with certain degrees of renal insufficiency (serum 
creatinine greater than 2.0 mg/dL), or in those with ana- 
tomic or functional small bowel dysfunction such as inflam- 
matory bowel disease, short gut syndrome, and radiation 
enteritis. 

The decision to utilize a renal autotransplant is typically 
made when all other options have been exhausted. This pro- 
cedure involves renal ischemia, both warm and cold, and 
therefore is best tolerated if the targeted renal unit has ade- 
quate function. Evaluation for autotransplant should include 
an assessment of the patient’s vascular health. Since the 
renal artery and vein are commonly anastomosed to the 
iliac vessels, they should ideally be normal. Extensive 
plaque in the renal artery increases the complexity of the 
procedure. The iliac arteries should have no or limited ath- 
erosclerosis as the latter could compromise the arterial 


anastomosis. In addition, the iliac veins need to be patent 
and free of clot. 


50.3 Operative Technique 


50.3.1 Ileal Ureter 


Patient preparation is one of the foundations for success. The 
majority of patients should have a nephrostomy tube placed 
in the targeted renal unit. Urinary tract infection (UTI) is 
treated prior to embarking on this procedure. Patients are 
administered a mechanical bowel prep. 

For replacement of ureteral defects with ileum, the patient 
is typically positioned supine. A 22-F Foley catheter is 
inserted into the bladder. This larger sized catheter is utilized 
to facilitate mucous passage during the postoperative period. 
A midline incision or one from the tip of the ipsilateral 11th 
or 12th rib extending to the midline is made and the perito- 
neal cavity is entered. Small bowel is retracted, and the ipsi- 
lateral colon is mobilized medially for access to the kidney 
and ureter. The ureter and renal pelvis are carefully exposed. 
During unilateral reconstruction, the bladder is mobilized 
and an ipsilateral psoas hitch is performed to limit the length 
of bowel used for reconstruction. This maneuver is not 
undertaken if bilateral separate ileal ureters are being 
created. 

An appropriate piece of ileum is selected based on the 
patient’s anatomy, mesenteric blood supply, and the length of 
ureteral replacement required. If possible, the segment should 
be at least 15 cm from the ileocecal junction. Once the bowel 
has been divided, the distal end should be marked to ensure 
proper orientation during ureteral anastomosis; the remain- 
ing ileum is anastomosed using a stapled or sutured tech- 
nique. Succus is irrigated out of the isolated bowel segment. 
An opening in the colonic mesentery is made through which 
the isolated bowel segment is placed and positioned in the 
retroperitoneal space. 

The urinary tract can be reconstituted in a number of 
ways, depending on the anatomy of the ureter and renal 
pelvis. Anastomosis of the ileum to the pelvis is preferred 
as this facilitates passage of any future stones. This is done 
using an end-to-side technique as this best preserves the 
blood supply of the renal pelvis. The ureter just below the 
ureteropelvic junction is ligated and a vertical pyelotomy is 
made; the length is based on the luminal size of the bowel. 
The bowel segment is oriented in an isoperistaltic direction. 
The bowel is then anastomosed to the renal pelvis using 
interrupted 3-0 or 4-0 absorbable suture (Fig. 50.1). If the 
patient has an intrarenal pelvis, an end-to-side anastomosis 
of the bowel to the anterior proximal ureter is made. 
Minimal dissection of the ureter is undertaken to preserve 
its vascular integrity. The ureter distal to the anastomosis is 
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Fig. 50.1 Ileal ureter 


ligated. We favor this approach over an end of the ureter to 
either the side or end of the bowel segment approach as the 
risk of stricture may be higher using these techniques. 
However, an end of the ureter to side of the bowel segment 
anastomosis is made if the ureteral lumen is too small to 
allow the aforementioned technique. The proximal bowel 
lumen is closed with 2 layers of absorbable suture when 
this technique is employed. If the stricture involves the 
proximal ureter—ureteropelvic junction area and the pelvis 
is intrarenal, an anastomosis to a lower pole calyx is under- 
taken. A lower pole partial nephrectomy is performed to 
provide calyceal exposure. Normo-thermic or hypothermic 
ischemia may be required. For the distal anastomosis, the 
peritoneum is dissected off the bladder and an incision is 
made in the dome of the bladder to accommodate the distal 
lumen of the bowel. The end of the bowel segment is then 
anastomosed to bladder lumen using interrupted 3-0 absorb- 
able suture. We do not advocate a nonrefluxing anastomosis 
as this could deter future stone passage into the bladder. 
When bilateral ureters are being replaced, two separate 
ileal segments may be used or both ureters and pelvises can 
be anastomosed to one bowel segment. Closed suction 


drains are placed in the region of the proximal and distal 
anastomoses. Standard techniques are used for wound 
closure. 

We recommend that certain postoperative steps in man- 
agement be undertaken. The previously placed nephrostomy 
tube is occluded and only placed on drainage if there is sus- 
picion of a urine leak or the patient has signs of sepsis. We 
have not found that stent placement is useful as migration 
frequently occurs. The bladder catheter is irrigated with ster- 
ile saline every 8—12 h to help prevent mucus plugging. The 
drains are typically removed prior to discharge from the hos- 
pital while the nephrostomy tube and urethral catheter are 
left in place. A cystogram and antegrade nephrostogram are 
performed 3—4 weeks later and the aforementioned tubes are 
removed if there is no evidence of extravasation and good 
antegrade flow. 


50.3.2 BoariFlap 


The targeted ureter is first isolated proximal to the point of 
obstruction and transected just above this level. The bladder 
is mobilized on the ipsilateral side and if necessary on the 
other side if a long flap is needed. There are two approaches 
for creating a flap. The bladder can be opened horizontally 
and pulled up vertically to ureter in a Heineke-Mikulicz 
fashion. This approach works well for middle ureteral and 
strictures in the distal portion of the proximal ureter provided 
the bladder has adequate capacity. It ensures good blood sup- 
ply to the flap. When a longer segment needs to be created, a 
vertical or partially spiraled flap is fashioned. The proximal 
end should have at least a 4 cm base with minimal tapering 
of the distal portion. A psoas hitch is performed on the ipsi- 
lateral side. The ureter is then spatulated and either implanted 
into the distal portion of the flap using a submucosal tech- 
nique or anastomosed to the distal flap using an end-to-end 
approach. An internalized ureteral stent is placed. The flap is 
then rolled and closed using a two-layered anastomosis using 
absorbable suture. The bladder is drained with a urethral 
catheter, which is typically left in place for 3 weeks. A cys- 
togram is performed before catheter removal to assess for 
extravasation. A diagram representing a vertical Boari flap 
with an end-to-end anastomosis is seen in Fig. 50.2. 


50.3.3 Renal Autotransplant 


There are a variety of approaches for performing renal auto- 
transplantation. A decision regarding the appropriate tech- 
nique necessarily revolves around each patient’s anatomy 
and indication for the procedure. One would approach a 
patient requiring extensive bench repair of the kidney 
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Vertical boari flap 


End-to-end anastomosis 


Fig. 50.2 Boari flap. Schematic representation of a vertical Boari flap 
and an end-to-end anastomosis 


differently from one who did not require any reconstruction 
prior to reimplantation. Preoperative contrast-enhanced 
images—computed tomography (CT), magnetic resonance 
angiography (MRA), or standard angiography—are essential 
to define renovascular anatomy and the condition of poten- 
tial recipient vessels as well as gage the need for ex situ 
repair. Depending on the decision for ipsilateral or bilateral 
autotransplantation, several different approaches could be 
taken. For an ipsilateral relocation, it is possible to use either 
a long, curved nephroureterectomy-type incision or a mid- 
line incision. In contralateral transplantation, any preferred 
method may be used for the nephrectomy (laparoscopic or 
open); this is coupled most commonly with a modified 
Gibson incision in the iliac fossa. 

Options for open nephrectomy incisions include flank 
incision (typically 11th or 12th rib resection) or a trans-peri- 
toneal subcostal approach. Since many of these patients will 
have had one or more prior surgeries, mobilization of the 
kidney may be difficult. The renal vessels are identified 
proximally and the kidney freed from all its attachments. 
Prior to clamping of the renal vessels, the patient is given 
intravenous mannitol for renal protection. Ten minutes after 
this has been given, the ureter is ligated and transected proxi- 
mally, after which the renal artery and vein are ligated and 
transected. The kidney is immediately flushed with cooled 


perfusate solution and kept in an ice bath while the iliac vessels 
are prepared. 

The iliac fossa may be accessed using a rectus-preserving 
extraperitoneal modified Gibson incision. The iliac vessels 
and bladder are then exposed via division of the abdominal 
musculature and dissection of the preperitoneal space. During 
the vascular anastomosis, the kidney should be kept cool in a 
soft sleeve surrounded by ice slush; the patient should be given 
an additional infusion of mannitol to act as a free radical scav- 
enger. Anastomosis of the renal artery is usually performed 
first. Most often, the hypogastric artery is used, but it is also 
possible to utilize the external or common iliac, splenic arter- 
ies, or the aorta. A vascular punch is useful for creating access 
in the recipient vessel, especially if it is atherosclerotic. The 
renal vein is subsequently anastomosed to either the external 
or common iliac vein. Six-O proline suture is typically used 
for the anastomoses. The venous and then the arterial vascular 
clamps are released. Finally, the urinary tract can then be 
reestablished in a variety of ways, including ureteroureteral or 
ureteropelvic anastomoses, ureteroneocystostomy, pyelovesi- 
costomy, or Boari flap (Fig. 50.3). 


Fig. 50.3 Renal autotransplant. Schematic representation of a right 
renal autotransplant with an inferior vena cava and internal iliac artery 
anastomosis 
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50.3.4 Yang-Monti 


Using the Yang-Monti technique, it is possible replace a 
larger defect in the ureter utilizing a relatively shorter seg- 
ment of ileum. Depending on the length needed for recon- 
struction, a segment of ileum is transected and the free ends 
are reconnected. The isolated segment of ileum is then 
divided into equal segments of approximately 2-3 cm. Each 
segment is incised longitudinally near the mesenteric border 
and unfolded, with care to preserve the vasculature. The adja- 
cent borders are approximated over a 16 French catheter and 
sewn; these segments are then combined to form the tubular- 
ized ureteral replacement. Alternatively, a “double” Monti 
procedure (Fig. 50.4) may be utilized in which a single seg- 
ment of ileum is incised at the mesenteric border on opposing 
sides and unfolded. This technique also utilizes a catheter to 
aid in the creation of a tubular structure. The proximal end of 
the new ileal segment can be anastomosed end-to-end with 
the remaining healthy ureter. The distal end is implanted in 
the bladder with either a refluxing or antireflux technique. 


50.3.5 Appendix 


When utilizing the appendix for ureteral replacement, a mid- 
line abdominal incision is preferred. The diseased segment of 
ureter is located and controlled both proximal and distal to 
the lesion. The appendix is then located and evaluated for 
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Fig. 50.4 (a) Division of the isolated ileal segment into two (b) The 
two segments are then opened at the anti-mesenteric side and then made 
into a tubular segment by suturing the edges longitudinally. The end of 
both the tubes are then anastamosed to make a long conduit 


Cecal end of 
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Fig. 50.5 Appendix. Schematic representation of a ureteral reconstruc- 
tion utilizing the appendix. Note the intact mesoappendix and appropri- 
ate orientation 


length, tissue viability, and vascular integrity. It is important 
to estimate the length of replacement required and ensure 
that the appendiceal interposition will be sufficient for a ten- 
sion-free anastomosis. With care to preserve the appendicu- 
lar arteries within the mesoappendix, the appendix is either 
stapled or tied and transected at the base of the cecum. The 
distal end of the appendix is opened obliquely, and the proxi- 
mal end is spatulated. The isolated ureteral segment is then 
resected, and the free ends of healthy ureter are spatulated. 
The cecal end of the appendix, with its larger diameter, should 
be anastomosed to the more proximal ureter (Fig. 50.5). A 
ureteral stent is placed, and the distal anastomosis is com- 
pleted. If the appendix is not of insufficient length for a ten- 
sion-free anastomosis, additional ureter may be mobilized 
and, if necessary, a psoas hitch may be performed. 


50.4 Results 


50.4.1 Ileal Ureter 


Ileal ureter is the most extensively reported form of ureteral 
replacement in the literature. We summated results of series 
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in which data on 5 or more patients subjected to this proce- 
dure were reported. We also attempted to avoid series where 
the majority of the patients had their ileum used as part of a 
urinary undiversion from a previous cutaneous stoma. 
However, we have included those studies where undiversion 
made up a minority of the cases performed. In addition, many 
of the cases were not performed in stone formers. When 
assessing “success” or “failure” rates for ileal ureters and 
other forms of replacement, we used each study’s own 
self-determined criteria for determining success. For the 
majority of the series reviewed, success was based on 
stabilization or improvement in renal function. 

Using these selection criteria, we found 16 case series 
published between 1959 and 2006 with a total of 491 
patients.” A complete list, including patient number, age, 
gender, follow-up, indications, results, and complications, is 
found in Table 50.1. The number of patients in each study 
ranged from 5 to 89 with a mean of 31 patients per series. Of 
those studies reporting gender and age as part of their patient 
demographics, 56% of patients were male and 44% were 
female with an average age of 44.9 years. The follow-up 
periods ranged from 2 months to 23 years; the average fol- 
low-up duration for all series was 4.1 years. The average suc- 
cess rate for this group of studies was 86%. There were some 
series in which results were inferior. Tanagho reported a 
series in which all 5 patients had poor postoperative out- 
comes.” Bazeed and associates reported a success rate of 
only 57%; however, these procedures were done for schisto- 
somiasis-associated ureteral stricture.'!” The remainder of the 
case series all reported success rates >80%. There were only 
two reported deaths in these series. 

There were two large series in which ileal ureter recon- 
structions were undertaken in recurrent stone formers. 
Fritzsche and colleagues performed ileal ureter reconstruc- 
tion in 24 patients with recurrent calculi.'* They reported that 
many patients had recurrent calculi following the procedure; 
however, the number of stones decreased considerably over 
time. Additionally, no patients experienced symptomatic 
stone passage following ureteral replacement. Boxer and 
associates reported on 44 patients who underwent ileal ure- 
teral replacement for stone disease." In their series, 38 of the 
44 patients had stable or improved renal function, improved 
radiographic appearance, and were asymptomatic. 


50.4.2 Boari Flap 


After ileal ureter, Boari flaps are the next most commonly 
reported form of ureteral replacement. We used the same 
selection criteria for these case series as we did with ileal 
ureters; a minimum of five cases were required for inclusion. 


A total of 14 series (Table 50.2) with 358 patients met these 
criteria." Publication dates ranged from 1966 to 2005. 
Only 6 studies reported gender in their analysis. Of these, 
29% were male and 71% female. The average patient age 
was 42 years. Follow-up ranged from 1 month to 12 years 
with an average follow-up of 2 years. Success rates were 
higher for Boari flap compared to ileal ureters. Six series 
reported 100% success rates, and all had >70% success rates. 
The average success rate for all 14 series was 93%. Only two 
deaths were reported. 


50.4.3 Renal Autotransplant 


Between 1975 and 2005, 11 case series (Table 50.3) were 
published that reported data on renal autotransplant involv- 
ing five or more patients.“ Collectively, these series made 
up a total of 289 patients (40% male and 60% female) with 
an average age of 40.8 years. The mean follow-up after auto- 
transplant was 3.2 years (10 months—16 years). The success 
rate for all series was 90%. Four patients required nephrec- 
tomy following autotransplant for complications related to 
the procedure: two for vascular compromise, one for renal 
vein thrombosis, one for infection. One patient died second- 
ary to bowel infarction and septic shock. 


50.4.4 Yang-Monti 


There are very few published series with more than one 
patient looking at the Monti procedure for ureteral replace- 
ment. Two studies were found that reported on experience 
with at least two patients (Table 50.4). Ali-El-Dein and col- 
leagues®! published a series in 2003 with 10 patients, and in 
2006, Castellan and associates? published their experience 
with another two patients. Of these 12 patients, 10 were 
male and 2 were female. The average age was 49.1 years. 
Follow-up ranged from 6 months to 4.5 years, with an aver- 
age follow-up of 2.7 years. Both authors reported 100% suc- 
cess rates using the Yang-Monti technique for ureteral 
replacement in their patients, although one patient did 
require an exploratory laparotomy for small bowel 
obstruction. 


50.4.5 Appendix 


Using the appendix in ureteral replacement is infrequently 
reported in the literature. Only three studies were found, 
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reporting experience using the appendix in a total of 5 
patients. One patient was male, and four were female. 
The average age was 32.7 and the average follow-up was 
4.2 years with a range of 6 months to 15 years. Of the five 
patients included, all five were determined to have successful 
outcomes at follow-up (Table 50.5). 


50.5 Complications 


Despite the often complex nature of ureteral reconstruction, 
there are surprisingly few postoperative complications. 
Although each procedure is accompanied by its own set of 
unique problems, ureteral replacement as a whole has certain 
complications in common. As with any surgical procedure, 
infection, bleeding, injury to adjacent structures, wound 
dehiscence, hernia, and thromboembolic events may occur 
with any of these procedures. 

A ureteral or collecting system anastomosis is performed 
with any method of ureteral replacement. Therefore, an anasto- 
motic leak or urinoma may occur in all forms of replacement. 
The causes include poor surgical technique or a lack of tissue 
viability on either or both sides of the anastomosis. Careful 
mobilization of the ureter and bladder and proper isolation of 
any bowel segment utilized limit their occurrence. Anastomotic 
stricture may develop for the same reasons. Postoperative stric- 
ture formation is less common with ileal ureter and may be due 
the larger lumen provided by this bowel segment. 

Bowel-related complications may occur with any of these 
procedures including ileus, enterotomy and other forms of 
bowel injury, and bowel obstruction. Bowel anastomotic leak 
with ileal ureter and leak from the cecum may develop after 
appendiceal interposition. Patients subjected to these proce- 
dures frequently pass mucus in their urine but this is seldom 
problematic; new onset voiding dysfunction and urinary tract 
infection (UTI) occurr rarely. Metabolic acidosis may 
develop after bowel interposition; baseline renal insuffi- 
ciency and the utilization of longer bowel segments are risk 
factors. This is treated with administration of oral alkaliniz- 
ing agents. 

Renal autotransplantation has risks not associated with 
other forms of replacement. Renal ischemia may lead to 
acute tubular necrosis and renal failure; typically transient 
events. Thrombosis of the arterial or venous anastomosis 
may occur, and, if not identified early and corrected, results 
in loss of the function of the involved renal unit. Stenosis of 
the arterial anastomosis can develop, which may lead to ren- 
ovascular hypertension. 

The bladder is reconfigured during Boari flap reconstruc- 
tion. This may alter bladder capacity and lead to voiding dys- 
function. This rarely occurs in patients with normal baseline 
bladder capacity and function. 


50.6 Conclusions 


The main goal of ureteral replacement is the establishment of 
good antegrade flow of urine and improvement or mainte- 
nance of renal function. A secondary aim may be to facilitate 
stone passage in those with active stone disease. Surgical 
approaches are tailored to the patient’s needs and may be 
influenced by the adequacy and availability of autologous 
tissue. The best surgical option may not be apparent until the 
time of surgical exploration. Therefore, one must be prepared 
to alter their approach based on intraoperative findings. The 
chances of success are optimized with proper patient selection 
and preparation. 
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Liver and Renal Transplantation 
in Primary Hyperoxaluria 


Katharine V. Jamieson and Katharine A. Jamieson 


Abstract The primary hyperoxalurias are a group of hereditary disorders characterized by 
overproduction and accumulation of the metabolic end product oxalate in the body. The 
heterogeneous nature of these disorders presents diagnostic and therapeutic challenges. 
While knowledge and understanding of these conditions are continually improving and may 
in the future yield further therapeutic modalities, at present the only strategy to correct the 
underlying metabolic defect is by replacement of the macroscopically normal recipient liver. 
Transplantation has developed to a point where it is accepted as a valuable treatment option 
for patients with primary hyperoxaluria type 1 (PH1), with good long-term results. However, 
controversies exist over the type and timing of transplantation. Furthermore, the long-term 
risks of immunosuppression cannot be ignored. This chapter will attempt to outline the differ- 
ent strategies and clinical considerations concerning this topic, illustrated with data collected 
by the European PH1 transplant registry. 


51.1 Introduction eliminated via the kidney, thus setting the scene for devel- 
opment of urinary stones, obstructive uropathy, nephrocal- 
cinosis, and ultimately renal failure. Onset of symptoms 
occurs before the age of 5 in 50% of affected children, with 
end-stage renal failure occurring by 15 years of age in 50% 
of all PH1 patients, and by the third decade of life in 80%.° 
In the presence of renal failure with a glomerular filtration 
rate of less than 20-40 mL/min/1.73 m°, overproduction of 
oxalate is compounded by decreasing renal excretion, with 
subsequent systemic oxalate accumulation and deposition 
(occurring in many tissues including bone, heart, retina, 
arteries, and nerves). Apart from the increased oxalate pro- 
duction, hepatic function remains entirely normal, even in 
late stages of the disease (Fig. 51.1). 

The diagnosis can be established by measurement of 
plasma oxalate levels, and urinary oxalate and glycollate 
excretion in early cases with maintained renal function, but is 
more difficult in established renal failure.* It can be confirmed 
by measurement and localization of the enzymatic activity of 
AGT, which can be assessed using freshly frozen liver biopsy 
samples. Biopsy material was initially the corner stone of 
diagnosis but genetic techniques are advancing and can be 


The primary hyperoxalurias are a heterogeneous disease 
group, characterized by increased synthesis and excretion of 
oxalate as a metabolic end product, with subsequent deposi- 
tion of insoluble calcium oxalate. Two of the primary hyper- 
oxalurias have thus far been well described — type 1 (PHI) 
and 2 (PH2) — both of which are inherited in an autosomal 
recessive fashion. Transplantation has thus far only been 
used as a treatment modality in the more common PH1, and 
therefore, this chapter will focus primarily on this topic.' 
PHI results from low, absent, or mistargeted activity of 
the liver-specific peroxisomal enzyme alanine:glyoxylate 
aminotransferase (AGT, AGXT gene maps to 2p37.3).’ The 
resulting decreased transamination of glyoxylate to glycine 
leads to a subsequent increase in its oxidation to oxalate in 
the cytoplasm — in humans, in the absence of an alternative 
metabolic pathway to allow breakdown of this oxalate, it is 
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Fig. 51.1 Diagramatic 
representation of oxalate 
metabolism in the human body 


Slow 
turnover 
oxalate 


in bone 
and 
tissues 


51.2 Clinical Management 


If a diagnosis is established early in life before renal impair- 
ment has occurred, careful dietary management, high fluid 
intake (with the goal of maintaining a constant high urine 
output with dilute urine, and thus reduced risk of crystalliza- 
tion and stone formation)? and pharmacological manipula- 
tion (e.g., with administration of the AGT-coenzyme 
pyridoxine, or crystallization inhibitors) may delay or 
avoid the development of stone disease. These measures 
together with optimal management of calculi are the essen- 
tial features of early patient management, but can only be 
instituted after the diagnosis is established; as is evident from 
many previous publications and registry experience,’ diag- 
nosis is often delayed and renal failure is often the presenting 
problem precipitating diagnosis.*'"'! Even with highly moti- 
vated clinicians and patients, such management is difficult to 
sustain, particularly in children who tend to become non- 
compliant with the restrictions needed in adolescence.’ In 
most cases where the diagnosis has been made before estab- 
lished renal impairment has occurred, there is a gradual 
decline in renal function over a period of years with the onset 
of chronic renal failure occurring in late childhood or early 
adult life. An infantile form is also recognized with an early 
rapid course, but disappointingly, the correlation between 
genotype and phenotype in terms of disease course is very 
variable and even within the same family, very different clin- 
ical patterns are seen with apparently the same genetic 
defect.'*:'* This heterogeneity, in combination with the rarity 
of the disease, makes decisions concerning timing and plan- 
ning of intervention challenging. 

Once the patient is in established renal failure, oxalate can 
no longer be excreted and systemic oxalosis rapidly develops 


| -> 


Oxalate 
production 


End stage Kidney 
renal 


failure 


Plasma 
Miscible oxalate 
oxalate 
pool 


Urinary 
oxalate 


with deposition in muscles, bones, arteries, and nervous 
tissue, with progressive clinical deterioration and ultimately 
death. Production of oxalate by the liver ranges from 3.5-7.5 
mmol/day, with an average tissue accretion rate of more than 
50 u(micro)mol/kg/day." Daily prolonged hemodialysis or 
peritoneal dialysis may at best be able to remove oxalate suf- 
ficiently efficiently to slow the rate of accumulation, but is 
probably not able to balance the rate of production. '®" 


51.3 Transplantation 


For patients who progress to end-stage renal failure and in 
whom medical approaches can no longer compensate for the 
rate of oxalate production, three transplantation options have 
emerged: 


1. Isolated renal transplantation to correct end-stage renal 
failure 

2. Isolated liver transplantation as a preemptive strategy to cor- 
rect the metabolic defect prior to significant renal damage 

3. Combined hepato-renal transplantation 


A registry of patients undergoing liver transplantation to cor- 
rect the underlying metabolic defect in Europe has been 
maintained since the late 1980s and data from this registry 
will be used by way of illustration. 


51.3.1 Isolated Renal Transplantation 


Renal transplantation would seem a potential solution in 
replacing the diseased kidney with a functioning one to 
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enable oxalate removal. The first reported renal transplant 
for PH1 was carried out in 1969. However, renal transplanta- 
tion alone does not correct the underlying metabolic defect, 
and, in general, isolated renal transplant survival in PH1 
patients has been disappointing.'*”” 

Prior to liver/kidney transplantation, 29 patients reported 
to the European registry had undergone 40 renal transplant 
procedures (4 were reported to be from living related 
donors). Eight patients received two grafts and one patient 
received four grafts. The survival of these grafts was gener- 
ally poor and is illustrated in a report from the European 
Dialysis and Transplant Association (EDTA) registry with 
5-year isolated kidney graft survival only being in the region 
of 10%,'* which compares with a current anticipated iso- 
lated kidney graft survival of 70-80% for other indications. 
The same issue was examined in the European registry of 
patients receiving combined liver/kidney transplants who 
had often received previous failed isolated kidney grafts, 
showing that the majority of grafts were lost during the first 
12 months and survival of isolated kidney grafts in these 
patients beyond 4 years was uncommon; although one 
patient who received a living related kidney did have satis- 
factory function for 12 years. Of these earlier cases, 40 kid- 
ney transplants showed definite evidence of recurrent oxalate 
deposits (both newly produced and that mobilized from tis- 
sue deposits), which was felt to have contributed to the loss 
of the graft in 30 cases.” 

In selected cases, good outcomes may be achieved, but 
this requires living donors to ensure an optimal early graft 
function, appropriate timing, and careful postoperative 
medical management.'®”'”* Isolated renal transplantation is 
currently only advocated in adult patients with late onset of 
a mild course of the disease or pyridoxine sensitivity. By 
contrast, cadaveric renal transplantation alone has little or 
no role to play in the management of patients with PH1, 
with generally poor outcomes. It is probably only appropri- 
ate to carry out cadaveric renal transplantation in conjunc- 
tion with liver grafting to reverse the underlying metabolic 
defect. 


51.3.2 Combined Liver/Kidney 
Transplantation 


Early enzymatic evidence that the liver was the site of the 
metabolic defect” led to a patient receiving a combined liver/ 
kidney grafting for PHI! in Cambridge in 1984.” 
Unfortunately, this first patient succumbed to postoperative 
sepsis, but oxalate dynamic studies confirmed the correction 
of the metabolic defect by the orthotopic hepatic allograft. 
Further proof of the liver as the site of the enzyme defect was 
provided by the transfer of PH1 to a patient who received a 
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liver graft form a PH1 patient as part of a domino procedure. 
Subsequent combined liver/kidney grafts were performed 
with long-term survival,” and the combined procedure has 
subsequently been widely applied, initially predominantly in 
European centers although now also applied increasingly 
commonly in North American centers. The transplant proce- 
dure itself is usually relatively straightforward. The liver 
graft is placed orthotopically, simply replacing the native 
liver; and as the liver is not otherwise abnormal, none of the 
usual technical liver transplantation problems (relating 
largely to portal hypertension in the more usual cirrhotic 
liver transplant recipient) arise. The kidney is usually placed 
in an extraperitoneal position in the iliac fossa with anasto- 
mosis of the renal vessels to the iliac vessels and of the ureter 
directly to the bladder in the conventional renal transplant 
fashion. The situation is somewhat more complex in children 
where it is usually necessary to use a reduced size graft (size- 
matched pediatric donors are rare), which can be obtained 
from either a cadaveric source or from a living related donor. 
The key issue, however, remains the complete excision of the 
oxalate-producing native liver. 

Hepato-renal transplantation offers an attractive and 
potentially curative solution, in acting as a form of gene/ 
enzyme therapy through replacing the enzyme-deficient 
organ (liver), as well as the irreversibly damaged end tar- 
get organ (kidney). There is an additional potential immu- 
nological benefit in that the liver graft may protect the 
renal graft against rejection.” It is, however, important to 
remember that the enzymatically normal transplanted liver 
is simply a method of preventing further excess oxalate 
production and has no direct effect on oxalate deposits, 
which may have accumulated in patients who have gone on 
to develop renal failure. This oxalate load will only slowly 
be mobilized, and continuing care in maintaining a high 
urine output and dilute urine during the phase of mobiliza- 
tion is important if further problems with stone formation 
and oxalate deposition in the kidney are to be avoided.” 
This period of continuing supra-normal oxalate excretion 
has been poorly characterized in the patients reported in 
this registry, but may last for many months or even years, 
as suggested by some individual case reports in the 
European registry, particularly where there has been a long 
time period on dialysis. 

Combined liver-kidney transplantation is currently rec- 
ommended in patients with high levels of oxalate production 
that is resistant to pyridoxine therapy, with significant renal 
impairment, significant effects from systemic oxalosis depo- 
sition, or previous renal allograft failure due to oxalate depo- 
sition. It should also be noted that due to overlap of clinical 
findings in PH I and II, and uncertain benefits of liver trans- 
plantation in PH II (see later section), confirmation of the 
diagnosis by hepatic enzyme analysis or genetic testing is 
recommended prior to transplantation. 
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51.3.2.1 Timing of Transplantation 


The timing of transplantation is influenced by several fac- 
tors. The degree of systemic oxalosis has a direct effect on 
patient morbidity and mortality, and on graft survival. Early 
transplantation, before the accumulation of significant tissue 
oxalate deposits occurs, is thus advocated in cases not 
responsive to medical management. Oxalate elimination is 
dependent on renal function and thus decreases as renal func- 
tion deteriorates. Oxalate dynamic studies suggest that the 
risk of increased plasma concentrations of oxalate, and by 
inference systemic deposition, occur with glomerular filtra- 
tion rates (GFRs) of less than 40 mL/min/1.73 m2, but can 
occur even at GFRs of 40-60.*° After transplantation, plasma 
oxalate returns to normal within a few days as a result of 
decreased synthesis (Fig. 51.2). However, urinary oxalate 
secretion may remain elevated for weeks-months, a reflec- 
tion of the length of time necessary for remobilization of tis- 
sue deposits of calcium oxalate — during this period, the renal 
graft remains vulnerable to renal calculi or nephrocalcino- 
sis.' Attempts are thus made to perform transplantation when 
GFR is between 25 and 40mL/min/1.73 m?, before the effects 
of oxalate retention become too pronounced. 

Delaying hepatic transplantation with a prolonged dura- 
tion of dialysis prior to transplantation worsens patient prog- 
nosis with decreased survival (Fig. 51.3), reflecting the more 
advanced level of oxalate deposition and decreased ability to 
withstand the operative procedure. Late transplant cases 
were more common in the earlier part of the experience and 
particular issues related largely to the complications of sys- 
temic oxalosis. Specific problems related to cardiomyopathy, 
bone deposits, and arterial deposits. 


51.3.3 Liver Transplantation Alone 


Preemptive isolated liver transplantation in the situation of 
preserved native renal function offers an attractive solution 
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Fig.51.2 A graph to show the changes in plasma oxalate levels follow- 
ing combined liver-kidney transplantation (Data from the European 
PH1 transplant registry, 1984-2007) 
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Fig. 51.3 A Kaplan-Meier survival plot to show the effect of time on 
dialysis prior to transplantation on post-transplant patient survival (Data 
from the European PH1 transplant registry, 1984—2007) 


in treating the underlying problem prior to renal or systemic 
complications arising, and thus, avoids the need for renal 
replacement therapy. However, the potential morbidity and 
mortality of such an invasive intervention cannot be ignored, 
nor the effects of chronic immunosuppression including 
nephrotoxicity and malignancy.*' Additionally, the timing of 
removal of a native liver in a disease with variable and 
unpredictable progression remains controversial.” 

Results thus far do indicate that, as hypothesized, the 
correction of the metabolic defect is possible. The impact on 
renal function has been variable, seemingly dependent upon 
the degree of renal impairment at the time of transplantation. 
In some cases, renal function is improved; in others, the time 
needed before renal replacement therapy becomes necessary 
is significantly prolonged. Cases have been described in 
which preemptive liver transplantation was performed too 
late, with subsequent need for renal transplantation — such 
cases may be viewed as sequential combined transplanta- 
tion, rather than truly preemptive. Currently, its use has been 
predominantly in carefully selected children with a severe, 
pyridoxine resistant form of the disease, in whom GFR is 
relatively preserved (generally agreed >40 mL/min/1.73 m’, 
as below this the risk of systemic oxalosis increases). 
However, the lack of clinical, biochemical, or molecular 
markers to predict disease progression and the heterogene- 
ous nature of the disease make recommendations difficult. 
The technical issues and complications are undoubtedly 
more favorable in isolated liver transplantation as compared 
to combined transplantation. However, the improving results 
for combined liver-kidney transplantation, and continually 
improving medical approaches including the emergence of 
alternative strategies to eliminate oxalate; e.g., treatment 
with Oxalobacter species”? will continue to present argu- 
ments against preemptive liver transplantation. The lack of 
data directly comparing the different treatments makes 
objective evidence-based recommendations at this stage 
difficult. 
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51.3.4 Other Forms of Transplantation 


51.3.4.1 Sequential Transplantation 


In some cases, sequential liver transplantation followed by kid- 
ney transplantation has been reported. Such procedures were 
carried out during earlier phases of the transplantation experi- 
ence, or because clinical/physical considerations of the patient 
precluded simultaneous transplantation. The difficulties of 
such experiences have resulted from the fact that, in the absence 
of an adequately functioning kidney, oxalate elimination does 
not occur and systemic complications persist with subsequent 
detrimental effects upon the recipient. Even with concomitant 
dialysis, this is not an effective treatment strategy. 


51.3.4.2 Auxiliary Liver Transplantation 


Auxiliary liver transplantation has been proposed as a form 
of enzyme replacement therapy and is effective in a number 
of metabolic conditions in providing effective replacement 
of the deficient gene product. Unfortunately, as the underly- 
ing defect in PHI is one of overproduction of a harmful 
product, this will persist in remaining native liver tissue 
(Fig. 51.4). The same theory presents an obstacle to the 
application of gene therapy techniques — these would require 
transfection of close to 100% of hepatocytes as any residual 
normal native hepatocytes would still be producing oxalate. 
This level of successful genetic manipulation is not currently 
achievable in human systems. 


51.3.5 Transplantation in PH2 


PH2 is caused by deficiency of glyoxylate reductase activity 
(GR, GRHPR gene location 9p11) — most of this enzyme is 


The problem is that the liver makes 
oxalate 
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Too much 
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Fig. 51.4 Diagrammatic representation of the difficulties with auxil- 
iary liver transplantation as a treatment approach — the native liver con- 
tinues to produce excess oxalate 


found in hepatocytes, but it is also expressed in leukocytes 
and some other tissues.” Despite a different underlying 
genetic and enzymatic bases, both PH1 and 2 result in 
increased oxalate synthesis. However, due to the expression 
of the causative enzyme of PH2 in tissues other than the liver, 
it is not yet known whether liver transplantation would suf- 
ficiently correct the metabolic defect to justify the risks and 
morbidities associated with procedure. Additionally, the 
clinical course in PH2 tends to be more favorable, and for 
these reasons, isolated kidney transplantation (including 
cadaveric) is currently recommended if necessary in PH2. 


51.3.6 Postoperative Supportive Therapy 


Careful medical management is necessary both preceding 
and following transplantation. This includes intensive 
pre-transplantation dialysis to reduce plasma oxalate concen- 
trations, maintenance of high-volume diuresis post- 
transplantation, and the introduction of neutral phosphates (to 
minimize supersaturation and crystallization) as soon as 
allograft function is established. Monitoring of plasma oxalate 
levels and urine oxalate concentrations should be initiated, 
with implementation of dialysis or additional hydration as 
needed to keep levels at 20-30 u(micro)mol/L and <0.3 
mmol/L respectively. Although the concentration of plasma 
oxalate does decrease following restoration of renal function, 
hyperoxaluria may persist for years after hepatic transplanta- 
tion due to the length of time needed to mobilize and excrete 
accumulated tissue stores. A repeated error in patient care 
following transplantation has been to assume that the suc- 
cessful transplant procedure has immediately reversed all of 
the harmful effects of the underlying condition. This assump- 
tion is incorrect and the transplanted kidney remains at addi- 
tional risk until normal urinary oxalate levels have been 
achieved. The nephrotoxic effects of immunosuppressive 
agents — particularly the calcineurin inhibitors cyclosporine 
and tacrolimus, which remain the mainstay of immunosup- 
pressive protocols — remain problematic with an increasing 
emphasis on newer agents and calcineurin sparing strategies. 


51.4 Our Experience So Far: The European 
PH1 Transplant Registry 


Thirty-five European centers currently carry out liver/kidney 
transplantation for the treatment of PH1. These centers estab- 
lished a PH1 study group and began to hold regular meetings 
to discuss their experiences. A voluntary registry was estab- 
lished to allow collation of the overall experience of the 
study group. 
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51.4.1 Patients 


Between June 1984 and 2007, these centers reported 135 
liver transplantations (in 126 patients), of varying types, the 
most common of which was combined kidney-liver 
transplants (Table 51.1). 

The mean age at onset of first symptoms was 7.25 + 9.9 
years with a range from 0 to 47 years (Fig. 51.5). The age 
at which a diagnosis of PH1 was made ranged from 0 to 
50 years, with a mean of 11.05 + 12.4 years (Fig. 51.6). 
The mean interval from symptoms to diagnosis was 4.5 + 
7.7 years. Presentation was with one or more of the fol- 
lowing features: nephrocalcinosis in 60% of cases, calculi 
in 71%, urinary tract infections in 40%, and uremia in 
34%. The diagnosis was confirmed by liver biopsy-proven 
decreased AGT activity in 66% of cases, hyperoxaluria in 
78%, hyperglycollicaciduria in 38%, and hyperoxalaemia 
in 48%. There was a positive family history in 41% of 
cases: 24 siblings having PH1, four cousins, and the his- 
tory being reported as positive but not further specified in 
24 cases. One parent has also received a combined 
transplant and four sets of parents were noted to be 
consanguineous. 


Table 51.1 Types of transplants performed; data from the European 
PHI transplant registry, 1984-2007 


Number of cases 


Type of transplant performed 


Liver with simultaneous kidney 90 
Reduced liver with simultaneous kidney 16 
Liver alone 11 


Liver with delayed kidney transplant 
Reduced liver with delayed kidney transplant 
Reduced liver alone 


Auxiliary partial orthotopic living donor 
liver transplant 2 


Total 135 


Age of first symptoms 


Mean 7.25-9.9 yeas 
Range 0-47 years 
Median 3.8 years 
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Fig. 51.5 Graphical representation of the age at which PH1 patients 
develop symptoms (Data from the European PH1 transplant registry, 
1984-2007) 


Patients were transplanted at a mean age of 17.36 + 11.7 
years following a period of dialysis of 3.5 + 3.7 years (range 
0-18 years) (Fig. 51.7). 

The effects of the duration of dialysis on the patients’ 
clinical condition at the time of transplant are shown in 
Table 51.2. Patients whose condition had worsened or was 
noted to be poor had been dialyzed for significantly longer, 
reflecting the poor removal of oxalate on dialysis and pro- 
gression of systemic oxalosis in these cases (Table 51.3). 
The sites at which extra-renal oxalate was known to have 
accumulated are given in Table 51.4. 


51.4.2 Results/Outcomes 


A Kaplan-Meier cumulative survival plot shows patient and 
liver/kidney graft survival in Figs. 51.8, 51.9, and 51.10 with 
1-, 5-, and 10-year patient survival values of 86%, 80%, and 
69% respectively and fist liver graft survival rates of 80%, 
72%, and 60 % at the same time intervals. There were ten 
retransplants, including two cases where third and fourth 
grafts were performed for chronic rejection related to non 
compliance with immunosuppressive medication, a recur- 
ring theme in patients transplanted in childhood who often 
become noncompliant with onerous treatment regimens dur- 
ing adolescence. There have been 25 deaths: 13 due to sepsis 
and multi-organ failure, 4 due to cardiac or thromboembolic 
events, 2 intra-operative deaths (at least one of which had 
cardiac failure as a contributing factor), 2 as a consequence 
of ongoing intra-abdominal bleeding, 1 with malignancy 
(astrocytoma), 1 with bleeding following a liver biopsy, 1 
with a small bowel volvulus, and 1 with chronic rejection. 

The patient’s condition immediately prior to transplanta- 
tion was ascribed by the physician in charge of their care to 
one of four categories (very good, good, fair, or poor). Five- 
year survival was 100% in those described as very good or 
good at the time of transplant, but only 73% in those described 
as fair and only 45% in those who were in poor condition 
with advanced systemic oxalosis. 

The postoperative plasma oxalate levels are shown in 
Fig. 51.2. It should be noted that relatively few values are rep- 
resented; plasma oxalate levels are often not measured postop- 
eratively, reflecting the erroneous assumption that the transplant 
procedure immediately restores a normal situation. The evolu- 
tion of the postoperative creatinine clearance in functioning 
kidney grafts is shown in Fig. 51.11. Function improves with 
time, suggesting that the initial function is impaired by the high 
early oxalate excretion rate. No figures are presented for 24-h 
urinary oxalate excretion as the data are very sparse. 

The data from the registry on preemptive liver transplanta- 
tion are limited, reflecting only five cases, of whom three have 
gone on to require subsequent renal replacement therapy. 
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Table 51.2 The clinical status at the time of transplantation and the 
time on dialysis; data from the European PH1 transplant registry, 1984— 
2007 — available for 104 cases 


Status at Time on dialysis 


transplantation Number (years: mean + SD) 
Poor 27. 3.6 + 2.6 
Fair 23 4.1 +44 
Good 44 ell ae ss) 
Very good 10 1.4 1.6 


Table 51.3 The effects of duration of dialysis on clinical course; data 
from the European PH1 transplant registry, 1984-2007 — available for 
95 cases 


Course on Time on dialysis 
dialysis Number (years: mean + SD) 
Improved 19 2.4 + 2.6 
Unchanged 36 PTE 3) 

Worse 40 3.1 + 2.6 


12 14 16 18 20 22 24 26 28 30 30+ Age (Years) 


Table 51.4 Sites of extra-renal oxalate deposition; data from the 
European PH1 transplant registry, 1984-2007 — available for 126 cases 


Organ/site Percentage 


Heart 14 
Arteries 18 
Skeleton 60 
Nerves 11 


51.5 Conclusions 


From the initial 1984 case, combined liver/kidney transplan- 
tation has developed to the point where it has been accepted 
as a valuable treatment option for patients with PH! with 
good long-term results. 77426293436 Our growing under- 
standing of the underlying genetic mechanisms**’*’ has 
improved our diagnostic abilities and can allow appropriate 
conservative measures to be instituted promptly to minimize 
renal damage, and may in the future present new therapies. It 
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Fig.51.8 A Kaplan—Meier cumulative survival plot to represent patient 
survival (Data from the European PH1 transplant registry, 1984-2007) 
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Fig. 51.9 A Kaplan-Meier cumulative survival plot to represent first 
liver graft survival (Data from the European PH1 transplant registry, 
1984-2007. Note ten retransplants not included) 
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Fig. 51.10 A Kaplan-Meier cumulative survival plot to represent first 
kidney graft survival (Data from the European PH1 transplant registry, 
1984-2007) 
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Fig. 51.11 A graph to show changes in creatinine clearance following 
combined liver—kidney transplantation (Data from the European PH1 
transplant registry, 1984-2007) 


has not as yet, however, allowed us to develop any clinical 
strategies to correct the underlying metabolic defect other 
than by the replacement of the macroscopically normal 
recipient liver with one from an unaffected donor. 
Controversies remain over the timing and type of transplan- 
tation. In order to maximize patient and graft survival, the 
pathophysiological characteristics of PH! must be consid- 
ered. Factors to consider include patient selection for the 
type of transplantation, timing of transplantation, and sup- 
porting clinical management, both at the time of transplanta- 
tion and long term. 


References 


— 


. Cochat P, Gaulier JM, Koch Nogueira PC, et al. Combined liver- 
kidney transplantation in primary hyperoxaluria type 1. Eur J 
Pediatr. 1999;158(suppl 2):S75-S80. 

2. Hoppe B, Latta K, von Schakenburg C, Kemper MJ. Primary hyper- 
oxaluria - the German experience. Am J Nephrol. 2005;25(3): 
276-281. 

3. Cochat P, Deloraine A, Rotily M, Olive F, Liponski I, Deries N. 
Epidemiology of primary hyperoxaluria type 1. Societe de 
Nephrologie and the Societe de Nephrologie Pediatrique. Nephrol 
Dial Transpl. 1995;10 suppl(8):3-7. 

4. Rumsby G. Biochemical and genetic diagnosis of the primary 
hyperoxalurias: a review. Mol Urol. 2000;4(4):349-354. 

5. Scheinman JI. Primary hyperoxaluria: therapeutic strategies for the 
90’s. Kidney Int. 1991;40(3):389-399. 

6. Leumann E, Matasovic A, Niederwieser A. Pyridoxine in primary 
hyperoxaluria type I. Lancet. 1986;2(8508):8699. 

7. Milliner DS, Eickholt JT, Bergstralh EJ, Wilson DM, Smith LH. 
Results of long-term treatment with orthophosphate and pyridoxine 
in patients with primary hyperoxaluria. N Engl J Med. 1994;331(23): 
1553-1558. 

8. Leumann E, Hoppe B, Neuhaus T, Blau N. Efficacy of oral citrate 
administration in primary hyperoxaluria. Nephrol Dial Transpl. 
1995;10(suppl 8):14-16. 

9. Jamieson NV. A 20-year experience of combined liver/kidney trans- 
plantation for primary hyperoxaluria (PH1): the European PH1 
transplant registry experience 1984—2004. Am J Nephrol. 2005;25(3): 
282-289. 

10. Milliner DS, Wilson DM, Smith LH. Clinical expression and long- 
term outcomes of primary hyperoxaluria types 1 and 2. J Nephrol. 
1998;11(suppl 1):56-59. 

11. van Woerden CS, Groothoff JW, Wanders RJ, Davin JC, Wijburg 
FA. Primary hyperoxaluria type 1 in The Netherlands: prevalence 
and outcome. Nephrol Dial Transpl. 2003; 18(2):273-279. 

12. Gagnadoux MF, Niaudet P, Broyer M. Non-immunological risk factors 
in paediatric renal transplantation. Pediatr Nephrol. 1993;7(1):89-95. 

13. Shapiro R, Weismann I, Mandel H, et al. Primary hyperoxaluria type 
1: improved outcome with timely liver transplantation: a single- 
center report of 36 children. Transplantation. 2001;72(3):428-4372. 

14. Pirulli D, Marangella M, Amoroso A. Primary hyperoxaluria: gen- 
otype-phenotype correlation. J Nephrol. 2003;16(2):297-309. 

15. Danpure CJ. Scientific rationale for hepato-renal transplantation in 
primary hyperoxaluria type 1. Amsterdam: Excerpta Medica; 1991. 

16. Hoppe B, Graf D, Offner G, et al. Oxalate elimination via hemodi- 
alysis or peritoneal dialysis in children with chronic renal failure. 
Pediatr Nephrol. 1996;10(4):488-492. 

17. Yamauchi T, Quillard M, Takahashi S, Nguyen-Khoa M. Oxalate 

removal by daily dialysis in a patient with primary hyperoxaluria 

type 1. Nephrol Dial Transpl. 2001;16(12):2407-2411. 


51 


Liver and Renal Transplantation in Primary Hyperoxaluria 


625 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


Broyer M, Brunner FP, Brynger H, et al. Kidney transplantation in 
primary oxalosis: data from the EDTA registry. Nephrol Dial 
Transpl. 1990;5:332-336. 

Hoppe B, Langman CB. A United States survey on diagnosis, treat- 
ment, and outcome of primary hyperoxaluria. Pediatr Nephrol. 
2003;18(10):986-991. 

Jamieson NV. The results of combined liver/kidney transplantation 
for primary hyperoxaluria (PH1) 1984-1997. The European PH1 
transplant registry report. European PH1 Transplantation Study 
Group. J Nephrol. 1998;11(suppl 1):36-41. 

Scheinman JI. Recent data on results of isolated kidney or com- 
bined kidney/liver transplantation in the U.S.A. for primary hyper- 
oxaluria. J Nephrol. 1998;11(suppl 1):42-5. 

Monico CG, Milliner DS. Combined liver-kidney and kidney-alone 
transplantation in primary hyperoxaluria. Liver Transpl. 2001;7(11): 
954-963. 

Gibbs D, Watts R. The idientification of the enzymes that catalyse 
the oxidation of glyoxylate to oxalate in toe 100, 000 g supernatant 
fraction of human hyperoxaluric and control liver and heart tissue. 
Clin Sci. 1973;44:227-241. 

Watts RW, Calne RY, Williams R, et al. Primary hyperoxaluria (type 
I): attempted treatment by combined hepatic and renal transplanta- 
tion. Q J Med. 1985;57(222):697-703. 

Donckier V, El Nakadi I, Closset J, et al. Domino hepatic transplan- 
tation using the liver from a patient with primary hyperoxaluria. 
Transplantation. 2001;71(9):1346-1348. 

Watts RW, Calne RY, Rolles K, et al. Successful treatment of pri- 
mary hyperoxaluria type I by combined hepatic and renal transplan- 
tation. Lancet. 1987;2(8557):474-475. 

Rasmussen A, Davies HF, Jamieson NV, Evans DB, Calne RY. 
Combined transplantation of liver and kidney from the same donor 
protects the kidney from rejection and improved kidney graft sur- 
vival. Transplantation. 1995;59(6):919-921. 

Latta K, Jamieson NV, Scheinman JI, et al. Selection of transplanta- 
tion procedures and perioperative management in primary hyperox- 
aluria type 1. Nephrol Dial Transpl. 1995;10(suppl 8):53-57. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39; 


Gagnadoux MF, Lacaille F, Niaudet P, et al. Long term results of 
liver-kidney transplantation in children with primary hyperoxaluria. 
Pediatr Nephrol. 2001;16(12):946-950. 

Watts RW, Veall N, Purkiss P. Sequential studies of oxalate dynam- 
ics in primary hyperoxaluria. Clin Sci (Lond). 1983;65(6): 
627-633. 

Ojo AO, Held PJ, Port FK, et al. Chronic renal failure after trans- 
plantation of a non-renal organ. N Engl J Med. 2003;349(10): 
931-940. 

Cochat P, Scharer K. Should liver transplantation be performed 
before advanced renal insufficiency in primary hyperoxaluria type 
I? Pediatr Nephrol. 1993;7(2):212-218. 

Hoppe B, Beck B, Gatter N, et al. Oxalobacter formigenes: a poten- 
tial tool for the treatment of primary hyperoxaluria type I. Kidney 
Int. 2006;70(7):1198-1200. 

Saborio P, Scheinman JI. Transplantation for primary hyperoxaluria 
in the United States. Kidney Int. 1999;56(3):1094-1100. 

Ellis SR, Hulton SA, McKiernan PJ, de Ville de Goyet J, 
Kelly DA. Combined liver-kidney transplantation for primary 
hyperoxaluria type 1 in young children. Nephrol Dial Transpl. 
2001;16(2):348-354. 

Millan MT, Berquist WE, So SK, et al. One hundred percent patient 
and kidney allograft survival with simultaneous liver and kidney 
transplantation in infants with primary hyperoxaluria: a single-cen- 
ter experience. Transplantation. 2003;76(10): 1458-1463. 

Danpure CJ, Jennings PR, Fryer P, Purdue PE, Allsop J. Primary 
hyperoxaluria type 1: genotypic and phenotypic heterogeneity. 
J Inherit Metab Dis. 1994;17(4):487-499. 

Cibrik DM, Kaplan B, Arndorfer JA, Meier-Kriesche HU. Renal 
allograft survival in patients with oxalosis. Transplantation. 
2002;74(5):707-710. 

Zhang X, Roe SM, Hou Y, etal. Crystal structure of alanine: glyoxylate 
aminotransferase and the relationship between genotype and enzy- 
matic phenotype in primary hyperoxaluria type 1. J Mol Biol. 
2003;331(3):643-652. 


Chemolytic Treatment of Patients 
with Urinary Tract Stones 


Hans-Goran Tiselius 


Abstract The combined use of extracorporeal shock wave lithotripsy (SWL) and percutaneous 
irrigation with chemolytic agents has proven useful for providing an extremely low-invasive ther- 
apeutic approach. This form of treatment can be applied in patients with large infection stones, 
as well as in patients with stones composed of brushite, cystine, and uric acid. Although other 
treatment options might be less time consuming, the chemolytic method is a definite alternative in 
selected patients for whom other procedures are either excluded or associated with a greater risk. 
Chemolytic irrigation also can be of great importance to clear the renal collecting system from 
stone fragments after percutaneous stone removal. For stones composed of uric acid, an entirely 
oral treatment can be used to accomplish stone removal in a completely noninvasive way. The 
principles and possibilities of chemolytic treatment are outlined in this chapter. 


52.1 Introduction 


The remarkable technical achievements during the past decades 
have dramatically changed the principles for stone removal in 
the urinary tract, and, within a few years, a noninvasive or 
extremely low-invasive treatment has developed from an exten- 
sively invasive surgical approach. The ultimate goal to elimi- 
nate urinary tract stones by a purely pharmacological approach 
is, however, still remote and as yet possible essentially only for 
patients with stones composed of uric acid. For some stone 
salts, the solubility can be significantly influenced mainly by 
changes in the pH-level of the surrounding fluid/urine. This lat- 
ter property has been used accordingly for designing chemo- 
lytic treatment regimens.” There are also other possibilities to 
increase the solubility of some stone constituents, for instance 
by administration of chelating agents,** but the clinical useful- 
ness of such methods usually has been less successful because 
of undesirable side effects. Therefore, methods aiming to 
change environmental pH remain as the most powerful chemo- 
lytic tool. Several ways for administration of chemolytic agents 
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have been advised, and percutaneous, transureteral, as well as 
oral routes will be discussed in this chapter. 

In the continuous search for a stone removing method that 
is the least invasive and the least traumatic as possible, the 
various options for stone dissolution deserve serious consid- 
eration even though modern technology undoubtedly has 
made stone removal a much easier procedure than it used to 
be, both for the patient and for the treating surgeon. Chemolytic 
treatment probably was more important at a time when open 
surgery was the only way to remove stones actively from the 
kidneys and ureters. Nevertheless, and despite the successful 
development of noninvasive or low-invasive methods, the 
ultimate goal of stone removal ideally should be without any 
form of surgical or mechanical treatment and in this regard 
chemolytic treatment options still have a definite place. For 
the majority of stones requiring active removal, a completely 
nonsurgical approach, unfortunately, is not available, but 
chemolysis might be a very useful adjunct to efficiently elim- 
inate residual stone fragments or stones, which might remain 
in the kidney after extracorporeal shock wave lithotripsy 
(SWL) and percutaneous nephrolithotripsy (PNL). Such an 
approach is particularly desirable in patients with infection 
stones as well as in patients with stones containing cystine, 
uric acid, and brushite, because of the very high recurrence 
risk seen with these stone constituents. 

A summary follows of the available tools for stone dis- 
solution and how these methods can be used to improve and 
facilitate the treatment of our patients. 
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52.2 Chemolytic Treatment of Patients 
with Infection Stones 


The crystalline components of the typical infection stone are 
magnesium ammonium phosphate (MAP; struvite), carbon- 
ate apatite (CarbAp), and usually also variable amounts of 
hydroxyapatite (HAP). Such triple phosphate stones can grow 
rapidly and often develop complete or partial staghorn mor- 
phology. The large stone burden and the great risk of recur- 
rences seen in patients with such stones constitute a real 
treatment challenge for the urologist. A complete stone clear- 
ance is essential in order to eradicate the infection and thereby 
to counteract recurrent stone formation. Small residual frag- 
ments harboring urease producing microorganisms very rap- 
idly can grow into a new huge stone. Urease causes a splitting 
of urea that results in high urinary concentrations of ammo- 
nium and carbonate ions as well as an alkaline pH. Although 
some pharmacological methods are available for preventing 
recurrences, the fundamental principle is to eliminate all 
infection stone material from the urinary tract before a medi- 
cal follow-up treatment program is instituted.° 

The basic principle for dissolution of an infection stone is 
a reduction of the pH in the renal collecting system, because 
MAP, CarbAp, and HAP are highly soluble in acid solutions. 
The typical course of the change in urine supersaturation 
with changes in pH is shown in Fig. 52.1. 

It is not possible to accomplish any clinically significant 
dissolution of infection stones by oral treatment and the only 
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Fig. 52.1 Relationship between pH and the ion activity product of 
MAP expressed as AP(MAP) index. The approximate levels of solubility 
product (SP) and formation product (FP) are indicated. 


way to get such an effect is to establish contact between the 
crystalline material of the stone and an acid solution. Several 
different solutions have been described for the purpose of 
infection stone dissolution; the most well recognized and 
clinically used solutions are Suby G and hemiacidrin 
(Renacidin™),.*’"” There are also experimental reports of 
some other stone dissolving agents,” but their clinical appli- 
cation remains less well known. 

Chemolytic treatment can be used for clearance of residual 
infection stone fragments in the kidneys or ureters following 
various kinds of stone removing procedures. By combining 
repeated SWL sessions and percutaneous irrigation with a 
chemolytic solution, it is possible to carry out a low-invasive 
removal of even large infection stones in an extremely 
low-invasive way.'®'??! Although such an approach some- 
times might be time consuming it is definitely an alternative 
for certain risk patients and for patients in whom no other 
treatment alternative seems possible. 

Before starting chemolysis of stones, assumed to be of 
infection origin, it is essential to confirm the diagnosis. An 
absolute reliable diagnosis can be obtained only by a stone 
analysis or by placing a stone fragment (if available) in a few 
milliliters of the chemolytic solution. Infection stones, ame- 
nable to the suggested treatment, thereby will be dissolved 
and replaced by a white salt within a period of 1-3 days. In 
the absence of stone material for in vitro test or for stone 
analysis, indirect evidence can be used to decide on the stone 
composition. An infection stone usually has a typical multi- 
layered appearance on the plain film of kidneys, ureters, and 
bladder (KUB). Positive urine cultures, with demonstration 
of urease-producing microorganisms, or a medical history of 
infections with such a microorganism are helpful indicators. 
The microscopic demonstration of typical MAP (struvite) 
crystals also can be used to confirm the diagnosis. 

The combination of PNL and chemolysis can be used to 
eliminate residual infection stone fragments, whereas a com- 
bination of SWL and chemolysis can be used to remove infec- 
tion staghorn stones. The author so far successfully has used 
the latter regimen for removal of more than 150 complete or 
partial infection staghorn stones according to the principles 
previously described.'° In all patients, a 10% Renacidin™ 
solution was used to dissolve the stone material. 

It is important that the solution of irrigation is introduced 
into the renal collecting system without a high pressure, and, 
for that purpose, two nephrostomy catheters should be used. 
One of these catheters is used for inflow and one for outflow 
of the irrigation solution Fig. 52.2. Several methods have 
been described for continuous control of the intrarenal pres- 
sure,'””* but the author has never encountered any problems 
without such devices provided that there is a free flow through 
the outlet nephrostomy tube and provided the patient is suf- 
ficiently educated to immediately report any kind of discom- 
fort and instructed to stop the irrigation if problems are 
encountered. 
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Fig. 52.2 For removal of a staghorn stone, two thin nephrostomy cath- 
eters and one internal stent should be inserted before the first shock 
wave lithotripsy (SWL) session. The chemolytic agent subsequently is 
administered through one of the nephrostomy catheters and allowed to 
drain freely through the other 


For the combined SWL and chemolytic treatment, two 
thin nephrostomy catheters (usually 7 Fr) should be inserted 
into the kidney before stone disintegration. Ideally, the loops 
of these catheters should be in different parts of the kidney, 
but that goal is not always easy to reach. The idea is to use 
one of these catheters for inflow and the other one for out- 
flow of the solution, and it is essential to eliminate the risk of 
high pressure and leakage of fluid. In addition, an internal 
ureteral stent should be used in order to avoid accumulation 
of large volumes of fragments in the ureter Fig. 52.2. 
Following SWL, which is undertaken to increase the contact 
surface area between the stone material and the surrounding 
medium (Renacidin or any other chemolytic solution), dis- 
solution of the stone fragments can be started. It is important, 
however, to first test the system by irrigation with saline and 
always to collect any small fragment that passes during this 
procedure. This harvesting step is useful for enabling stone 
analysis as well as for an in vitro dissolution test. The irriga- 
tion with the chemolytic solution can be run at a speed that 
the patient tolerates without discomfort. This usually means 
a flow-rate up to about 120 mL/h. The patient should be 
instructed carefully to stop the irrigation at any sign of 


discomfort such as fever, shivering, or nausea. It is extremely 
essential to avoid a high intrarenal pressure, and steps must 
to be taken to avoid any leakage of the solution. Renacidin 
contains magnesium and absorption of magnesium is dan- 
gerous because a high magnesium concentration in blood 
can cause cardiac arrest. Such a complication has been 
reported, but the author has never encountered any problems 
of that kind. Daily measurements of serum electrolytes, crea- 
tinine, and magnesium should be made during the treatment 
period. It is, moreover, essential to cover the patients with 
antibiotics during the procedure. Although antibiotics can be 
administered orally when the procedure works smoothly, it is 
necessary to give appropriate antibiotics intravenously dur- 
ing the initial phase of the procedure and always when an 
SWL-session is carried out. 

How frequently repeated SWL sessions can be carried out, 
to disintegrate solid stone residuals, depends on the type of 
lithotripter and the total SWL energy that has been used at the 
previous session. Intervals between successive SWL-sessions 
ideally should not be shorter than 7—10 days — an interval that 
also will allow sufficient time for fragment dissolution. 
Chemolytic irrigation between the sessions is continued until 
all small fragments have disappeared. The irrigation is stopped 
if the patient develops fever. The duration of the treatment 
depends on the size and density of the stones, but several 
weeks should be allowed for the treatment. For suitable 
patients it is the author’s experience that the irrigation can be 
organized on an outpatient basis with chemolysis carried out 
during daytime. There are some reports that the irrigation has 
been carried out by the patient at home, but such an approach 
should be discouraged with regard to the potential risk of 
solution leakage and absorption. For the same reason it is the 
author’s routine not to continue the irrigation during the night. 
The ideal outcome of the treatment is a completely stone-free 
kidney. It is, however, sometimes necessary to accept minor 
residual fragments that reside in the kidney despite aggressive 
irrigation. Fragments that remain insoluble are assumed to 
have a non-infection stone composition. 

Figures 52.3 and 52.4 show two typical examples of the 
elimination of a complete and a partial staghorn stone. This 
treatment approach was chosen because of the medical con- 
dition of the patients. 

This combined treatment also can be used successfully 
for removal of stents with encrustation of infection stone 
material. SWL disintegration of the encrustation followed by 
percutaneous irrigation with Renacidin is the method of 
choice in such cases, after which the stent can usually be 
extracted easily. It is of note, however, that when only one 
percutaneous nephrostomy catheter is used, it is extremely 
important to avoid over-pressure by using a very slow flow- 
rate or by intermittently injecting only small portions of 
Renacidin. 

Of 118 patients, many of whom had both very complex 
stone situations and difficult medical conditions, SWL and 
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Fig. 52.3 This series of images shows the combined treatment of a 
complete staghorn stone in a 76-year-old medically weak woman. The 
stone was caused by urease producing microorganisms. Stone surface 
area was 2,175 mm’. Disintegration was accomplished by a total of 
10,800 shock waves given during four SWL sessions. The chemolytic 


chemolysis resulted in a stone-free rate of 60%.'° In a con- 


secutive and more representative series of patients with stag- 
horn stones, a stone-free rate of 77% was achieved. The 
mean duration of the treatment for all our patients was long: 
32 days. This makes the method less attractive as a standard 
procedure, but it is easy to use in high-risk patients. The rate 
of complications is very low. Other authors also have used 
this treatment approach successfully and Spirnak and co- 
workers recorded a stone-free rate of 90% (nine out of ten 
patients).”! 

In the follow-up of patients with infection stone disease, 
recurrence prevention with antibiotics and urine acidification 
is an essential part of the treatment. Some very problematic 
stone patients might benefit from treatment with urease 
inhibitors like acetohydroxamic acid, but the side effects of 
this form of treatment limit its use.” 


Cystine stone disease is encountered in less than 1-2% of all 
stone formers, but the rapid stone growth and frequent recur- 
rences constitute a considerable clinical problem. A rational 
stone prevention should be based on an efficient clearance of 
stones and stone fragments from the renal collecting system. 
In view of a lifelong history of stone formation, it appears 
reasonable to be the least invasive as possible when choosing 
stone removing procedures. 

Cystine stones form because of the poor solubility of cys- 
tine in urine. This type of stone is only seen in patients with 
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irrigation required approximately 13 L of Renacidin. The situation in 
the kidney is shown before (a), during the initial part of the treatment 
(b), before removal of the nephrostomy catheters (c), and at late follow- 
up (d). The duration of the treatment was 21 days during the last 7 of 
which the patient was treated on an outpatient basis 


the genetic disease cystinuria, because only patients with 
that disease have sufficiently high excretion levels of cystine 
to cause stone formation. 

The basic principle for dissolution of cystine depends on 
its exponentially increased solubility in alkaline urine. It is, 
however, necessary to get a pH-level above 7.5—8 in order to 
accomplish dissolution, and oral treatment regimens with 
alkaline agents are thus not likely to be successful in terms of 
stone dissolution. The typical relationship between pH and 
the ion-activity product of cystine (AP...) is shown in 
Fig. 52.5. 

The formation product of cystine, BP sist is approxi- 
mately 1.3 10” mol/L? and the solubility product (SP ica) 
1.0 10 mol/L?.* Although a combination of pharmacologi- 
cal regimens theoretically can reduce AP tine t0 Levels below 
the SP sine > Such a treatment is very demanding and usually 
of limited value because of side effects of the pharmacologi- 
cal agents. There are, however, reports of cystine stone dis- 
solution with both penicillamine and tiopronin, but the author 
has never observed such an effect. A pharmacological 
approach of course has its given place in prevention of stone 
recurrences, but for stone elimination contact chemolysis 
with percutaneous irrrigation is preferable. Either the stones 
can be disintegrated and removed with PNL and any residu- 
als subsequently dissolved with suitable agents, or the stone 
surface area can be increased with SWL treatment (as dis- 
cussed previously for infection stones) and the stone material 
subjected to percutaneous chemolysis. 

Percutaneous irrigation in order to dissolve cystine stones can 
be carried out with the alkaline solutions of tris(hydroxymethyl) 
aminomethane (THAM). Various concentrations of this solution 


cystine 
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Fig. 52.4 A partial staghorn in 
the upper part of the kidney ina 
69-year-old man with a 
CP-lesion. Percutaneous stone 
surgery was considered less 
appropriate for this patient. The 
stone surface area was measured 
to 3,022 mm”. During a period of 
6 weeks, and mostly in an 
outpatient setting, the stone was 
eliminated by four SWL sessions 
(10,900 shock waves) and 25 L 
of Renacidin. The gravel in the 
caudal cavity was not treated. 
The images show the situation 
before the first SWL session (a) 
5 days, (b) 8 days (c), 19 days 
(d) later, as well as at the end of 
the treatment (e). At follow-up 

2 months later (f), no residuals 
remained from the treated stone 
and there was also a reduction of 
the stone material in the lower 
part of the kidney 


have been described and used.*:'**-° The author uses either a 0.3 
or a 0.6 mol/L THAM. To further augment the dissolving effect 
of THAM solutions, the combination with N-acetylcysteine has 
proven very successful.'*”°“'“? N-acetylcysteine is an agent that 
forms highly soluble complexes with the cystine molecule. How 
THAM and N-acetylcysteine solutions can be prepared are 
shown in Tables 52.1 and 52.2. As for percutaneous irrigation of 
infection stones (Fig. 52.2), two nephrostomy catheters should 
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be inserted in the kidney. Also the use of an internal stent is rec- 
ommended in order to avoid passage of cystine stone fragments 
to the ureter. 

It is generally considered that cystine stones are SWL- 
resistant and although cystine stones might appear hard to dis- 
integrate, most of them can be successfully treated with an 
appropriate SWL equipment. A combination of SWL and irri- 
gation with the chemolytic solutions mentioned previously can 
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Fig. 52.5 Relationship between urine pH and the ion-activity of cys- 
tine (AP sine): The levels of the solubility product (SP) and the forma- 
tion product (FP) are indicated 


Table 52.1 Preparation of THAM solutions for dissolution of uric acid 
and cystine stone material 


THAM 0.3 mol/L THAM 0.6 mol/L 


Sterile water (mL) 800. 800 
Trometamol 3.3 mol/L (mL) 90 180 
Sodium chloride (mmol) 30 30 
Potassium chloride (mmol) 30 5 


Table 52.2 Preparation of acetylcysteine solution for dissolution of 
cystine stone material 


Acetylcysteine (200 mg/mL) 100 mL 
Tribonate* 500 mL 
Sterile water 400 mL 


“The composition of tribonate is as follows: trometamol 36 g/L, sodium 
bicarbonate 13 g/L, acetic acid 2.8 g/L 


be used for elimination of small to medium sized cystine stones 
(with a surface area up to 200-300 mm‘’).**”° For larger stones, 
a percutaneous stone removal or debulking is recommended 
because of the relatively slow dissolution of cystine. In a previ- 
ously published algorithm it was concluded that cystine stones 
with a diameter up to 15 mm can be treated with SWL as 
monotherapy; those with a diameter 15-30 mm with SWL and 
chemolysis; whereas staghorn cystine stones will require 
removal with PNL, possibly combined with SWL and subse- 
quently percutaneous dissolution with THAM/acetylcysteine.* 


Attributable to the important role of complete fragment and 
crystal clearance for prevention of cystine stone recurrence, 
percutaneous irrigation with these dissolving agents always 
should be considered when a nephrostomy catheter is present 
or when residual stones or fragments are encountered. 

Although stone dissolution has been described also by the 
transureteral route,™™ this approach is much less tolerable 
for the patient and the author has seldom been successful 
with such dissolution attempts. 

An example of successful cystine stone dissolution is 
shown in Fig. 52.6. This patient, with multiple stones in the 
kidney, had a very poor compliance with all existing forms of 
pharmacological recurrence prevention. 

In patients without known cystinuria, this stone diagnosis 
should be suspected when the density of the stone(s) on the 
KUB is lower than that of calcium stones with a similar size. 
The findings of hexagonal crystals at microscopic examina- 
tion of a urinary sediment as well as demonstration of an 
increased excretion of cystine confirm the diagnosis. The 
workup of these patients should always include determina- 
tion of the cystine excretion in urine. 

An increased solubility of cystine can be anticipated fol- 
lowing oral treatment with acetazolamide (Diamox®). When 
attempts are made to use oral chemolysis the effect on urine 
supersaturation should be assessed. The AP sine can be cal- 
culated from the concentration of cystine (C ) and pH by 
the following formula”: 


cystine 


(10? Y- Cine + 0.155 
E 4 (0.39-10° 107" J+ (lo ye 3.5110" | 


cystine 


Alkalinization of urine and administration of cystine com- 
plexing agents like tiopronin is the standard method for 
recurrence prevention. Aggressive alkalinization might result 
in calcium phosphate stone formation as replacement of cys- 
tine stones, but inasmuch as calcium phosphate stones are 
easier to manage from a stone removing point of view, this 
result is better than continuous cystine stone formation.*° 


52.4 Dissolution of Stones Composed 
of Uric Acid 


Precipitation of uric acid occurs when the ion-activity product 
of uric acid (AP y) exceeds the formation product (FP y) of 
this salt at approximately 510° mol/L”. The most important 
determinants for an excessive saturation with uric acid are a 
high concentration of urate and a low pH.” The high urate 
concentration is either due to a small urine volume, a high 
urinary excretion of urate, or both. A reduced supersaturation 
accordingly can be achieved by increasing urine pH and by 
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Fig.52.6 An example of combined treatment with SWL and chemoly- 
sis of (a) multiple cystine stones in (b) a patient without compliance 
with any form of medical treatment. (c) Stone clearance was achieved 


decreasing the concentration of urate. Although prevention of 
uric acid stone formation can be accomplished by a reduction 
of AP,,,, to a level below the formation product, it is necessary 
to get an AP,,,, below the solubility product SP,,,,, which is 
around 2 10° mol/L’. 

Several studies have shown that oral chemolytic treat- 
ment of uric acid concrements is a very successful way of 
eliminating such stones from the urinary tract." Such a 
therapeutic approach accordingly can be recommended as a 
first-line treatment for patients in whom uric acid stones are 
present.'* In order to get a sufficiently low AP,,,,, the first 
step is to alkalinize the urine. This is made by administration 
of an alkaline salt such as potassium citrate, sodium potas- 
sium citrate, or sodium bicarbonate.“ How AP,,,, changes 
with pH for an average urine composition is illustrated in 
Fig. 52.7. 

Moreover, a reduction of the urate concentration should 
be made by combining a high fluid intake with the xanthine 
oxidase inhibitor allopurinol. An efficient reduction of AP,,,, 
can be accomplished by the following regimen: allopurinol 
administered in a daily dose of 300 mg to decrease urinary 
urate also for patients in whom the urate excretion is not 
elevated. To increase pH it is the author’s routine to give 
6-10 mmol of potassium citrate three times daily. It is, how- 
ever, possible also to use sodium potassium citrate in a simi- 
lar dosage regimen or sodium bicarbonate. Theoretically, an 
increased sodium load can increase the risk of sodium urate 
precipitation, but there are no studies in support of such a 
risk. Others have suggested administration of 2-4 g of 
sodium bicarbonate three times daily. The dose required 
needs to be decided from measurements of urinary pH and 
ideally also urate. Two cases of unsuccessful dissolution of 
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with five SWL sessions (17,500 shock waves) and outpatient daytime 
chemolysis during 7 weeks with 24 L of acetylcystein and 23 L of 
THAM-solutions (in total 34 irrigation sessions) 


T T T T TT T T TT 


10°.AP,,, 


FP 


SP 


5 6 7 8 9 pH 


Fig. 52.7 Relationship between urine pH and the ion-activity product 
of uric acid (AP,,,,). The levels of the solubility product (SP) and the 
formation product (FP) are indicated 


uric acid despite treatment with alkali were explained by an 
insufficient increase in pH.** 

In order to reduce the time for dissolution of large uric 
acid stones, a combination of SWL and oral chemolysis 
is advised. The stone disintegration with SWL thereby 
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increases the contact surface area between the crystalline 
material and urine. 

The problem before starting this kind of oral chemolytic 
regimen is to make certain that the patient really has a stone 
that is composed of uric acid. The most reliable clue is of 
course to analyze stone material that the patient hopefully has 
delivered. In addition, uric acid stones are usually not visible 
on KUB images, but clearly so on computed tomography (CT) 
examinations. For a patient who has delivered a uric acid stone 
or a stone fragment, its pronounced solubility in alkaline solu- 
tions can be clearly demonstrated by placing the material in a 
tube with THAM-solution. If dissolution is not observed 
within a few hours, the stone is not composed of pure uric acid 
and other options for stone removal should be considered. In 
order to further support the diagnosis, a high AP, is a useful 
indicator. AP,,,, can be calculated from the urate concentration 
(C___) and urine pH by the following formula: 


urate: 


C 


urate 


10°"".0.53 
AB = = 
(1+1.63.10°.10°”" ) 


Analysis of urine composition and calculation of AP, is 
also most useful for recording the effect of the pharmaco- 
logical treatment to make certain that AP,,,, is below SP.,,,.. 
Figure 52.8 shows a CT examination of a patient with a uric 
acid stone before and after 8 weeks of oral chemolytic 
treatment. 

The time required for stone dissolution by oral treatment 
depends on the size and morphology of the stone, but several 
weeks or months usually are necessary to eradicate the stone. 
It is therefore essential that the patient is reasonably free of 
symptoms during the treatment period. 


Fig. 52.8 CT examination of a 
patient with a renal pelvic uric 
acid stone (a) before and after 8 
weeks (b) of daily oral treatment 
with 300 mg of allopurinol and 
7 mmol x 3 of potassium citrate 


In symptomatic patients with stones in the kidneys or ure- 
ters, a More aggressive primary treatment is necessary, com- 
prising SWL, ureteroscopic stone extraction/disintegration, or 
percutaneous surgery. In case residual stones or fragments, not 
causing obstruction, are left after such procedures, the clear- 
ance of the collecting system can easily be completed with 
oral chemolysis. For patients with a percutaneous nephros- 
tomy catheter, contact dissolution with an alkaline solution 
administered percutaneously is a superb and usually much 
faster treatment alternative. Solutions of 0.3 or 0.6 mol/L 
THAM (tris[hydroxymethyl]aminomethane) (Table 52.1) can 
be used for the percutaneous irrigation and they have both 
proven to be effective and well tolerated by the patients. Other 
authors successfully have used 0.1 mol/L THAM together 
with 0.02% chlorhexidine.” 

A low-invasive removal of large uric acid stones also can 
be accomplished by combining SWL with percutaneous 
chemolysis. It thereby is recommended that the patients are 
given two thin (7 Fr) nephrostomy catheters during the treat- 
ment period (as for dissolution of infection stones shown 
previously, Fig. 52.2). One of the catheters is used for inflow 
of the alkaline solution and the other one for outflow. In this 
way, a high intrarenal pressure can be avoided. For patients 
who experience local irritation by the chemolytic agent a 
local anesthetic can be administered through the percutane- 
ous nephrostomy catheter before starting the irrigation. 

Several reports have shown that oral as well as percutaneous 
chemolysis of uric acid stones is successful in most cases.°°37*° 
It needs to be emphasized, however, that stones composed of 


ammonium urate are formed during periods of a simultaneous 
infection and supersaturation with uric acid, and that there is no 
chemolytic agent available for that type of stone. 
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52.5 Calcium Phosphate 


There are several different crystal phases of calcium phos- 
phate.” Usually calcium phosphate (hydroxyapatite, octacal- 
cium phosphate, or carbonate apatite) occurs together with 
calcium oxalate and, in that combination, the stones are not 
particularly susceptible to chemolysis. Experimental studies 
showed that the presence of calcium oxalate in an amount 
exceeding 10% inhibited dissolution. ° 

Hydroxyapatite and octacalcium phosphate form in alka- 
line urine, and in pure form such stones can be dissolved by 
percutaneous irrigation with acid solutions of type hemiacid- 
rin (Renacidin). This is a therapeutic option that deserves to 
be kept in mind, but percutaneous dissolution of the two 
mentioned types of stone is seldom used clinically and the 
author is not aware of any reports in the literature where this 
treatment alternative has been described. 

A more useful application of chemolytic dissolution con- 
cerns brushite (calcium hydrogen phosphate). Also this cal- 
cium phosphate crystal phase is soluble in Renacidin. The 
compact morphology of brushite stones make the dissolution 
less rapid than is the case for infection stones, but Renacidin 
constitutes an excellent tool to clear the kidney from brushite 
stone residuals. The application of such a therapeutic step is 
justified by the very high risk of recurrences seen in patients 
with this kind of stone*'*“° for those patients it appears impor- 
tant to achieve a clearance of fragments as good as possible. 

Figure 52.9 shows a patient with a huge brushite stone that 
was successfully eliminated by a combination of repeated 
SWL sessions and percutaneous chemolyisis with Renacidin. 
The technical details for this form of treatment are the same 
as for chemolytic treatment of infection stone (see previous). 

Theoretically, acidification of urine by oral treatment should 
lead to dissolution of calcium phosphate stones, but a sustained 
low urine pH is not possible with continuous administration of 


Fig. 52.9 A huge brushite stone 
(a) before and (b) after a series 
of SWL sessions and percutane- 
ous irrigation with Renacidin 


an acidifying agent. Moreover, administration of acid drugs 
brings about a reduced excretion of citrate and consequently an 
increased risk of recurrent calcium stone formation. Citrate is 
an important inhibitor of that process and increased urinary cit- 
rate also reduces the ion-activity product of calcium phosphate 
crystal phases by complexation with urinary calcium.“ 


52.6 Calcium Oxalate 


What has been discussed previously is applicable to only a 
fraction of stone-forming patients. Unfortunately, approxi- 
mately 80% of all stones are composed either of pure cal- 
cium oxalate or mixtures of calcium oxalate and calcium 
phosphate. In the latter stone type, calcium oxalate usually 
dominates. For calcium oxalate containing stones, the prin- 
ciples for dissolution is not as straightforward as for the other 
stone constituents previously discussed. 

Successful attempts to dissolve calcium oxalate stones were 
carried out and reported by Timmerman and Kallistratos many 
years ago.***“8 They used solutions containing ethylenedi- 
aminetetraacetic acid (EDTA), which forms soluble complexes 
with calcium. The solution was usually administered through 
ureteral catheters or through percutaneous nephrostomy cathe- 
ters and for obvious reasons this therapeutic approach was not 
easily tolerated by the patients. I have personally occasionally 
used ureteral catheters of administration of other chemolytic 
solutions to dissolve stones in the ureter. In most of those cases, 
that therapeutic approach was not particularly successful. 

Experimental studies with various calcium chelating solu- 
tions have been reported.*” The conclusion was that, albeit 
several of the solutions had favorable stone dissolving prop- 
erties, the clinical usefulness was impossible because of 
toxic and irritative effects on the urothelium.**°*? 
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An anecdotic report suggested in a brief urologic letter 
that calcium oxalate stones could be dissolved successfully 
by percutaneous irrigation with coconut milk installed 
directly from the coconut. No similar report has subsequently 
been found in the literature and immersion of calcium oxalate 
stones in coconut milk did not result in any stone dissolution 
(unpublished data). 

The solubility of calcium oxalate is essentially unaffected 
by variations in pH, within the physiological range, and in 
order to dissolve calcium oxalate it is necessary to reduce the 
pH to a level between 1 and 2. Such an acidification is not 
clinically feasible. 

The author has no personal experience of dissolution of 
calcium oxalate stones. Neither are there any recent reports 
on such treatment modalities. It would indeed be great with 
a method that dissolved residual calcium oxalate fragments 
after SWL, but such a method probably requires a different 
mechanism of action. Enzymatic degradation of the stone 
matrix or any other method by means of which binding forces 
between different crystals can be broken is theoretically pos- 
sible.* Further research in this area should indeed be useful, 
but efforts in that direction are not stimulated by the ease 
by means of which stones today can be removed from the 
urinary tract. Moreover, there is no consensus on the risk for 
new stone development from residual fragments. 


52.7 Conclusions 


Percutaneous chemolysis of urinary tract stones cannot be con- 
sidered as a routine treatment modality. It is, however, an excel- 
lent and very low-invasive method for selected patients. 
Inasmuch as this treatment in combination with SWL can be 
carried out without regional or general anesthesia, it stands to 
reason that this gentle therapeutic approach constitutes a power- 
ful tool for stone clearance, when other options for some reason 
are excluded. For stones composed of constituents fully soluble 
in the available solutions, a complete clearance of stone material 
can be expected. This property makes percutaneous chemolysis 
particularly suitable as an auxiliary step when residual frag- 
ments are present after other stone removing procedures for 
infection, brushite, cystine, and uric acid stones. This additional 
method definitely has a place in the treatment of those patients 
who will benefit from a meticulous clearance of fragments from 
the renal collecting system. For uric acid stones, oral stone dis- 
solution is a superb noninvasive treatment option. 
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Establishment and Management 
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Abstract The incidence of upper urinary tract stone disease has risen steadily throughout the 
past 100 years and renal colic is now one of the commonest causes of admission to hospital. 
Spontaneous passage of the stones and the so-called “minimally invasive” procedures for their 
removal or fragmentation are the most frequent means of alleviating the patient’s immediate 
problems. However, they do not cure the underlying abnormalities responsible for causing 
the stones to form in the first place and, as a result, patients often have further episodes of 
stone-formation if left without proper preventative treatment. Without subsequent biochemi- 
cal screening and appropriate dietary and/or medical management, the patient will inevitably 
return for further stone removal at some point in the future. 


53.1 Introduction 


The incidence of upper urinary tract stone disease has risen 
steadily throughout the past 100 years and renal colic is now 
one of the commonest causes of admission to hospital. 
Spontaneous passage of the stones and the so-called “mini- 
mally invasive” procedures for their removal or fragmenta- 
tion are the most frequent means of alleviating the patient’s 
immediate problems. However, they do not cure the underly- 
ing abnormalities responsible for causing the stones to form 
in the first place and, as a result, patients often have further 
episodes of stone formation if left without proper preventa- 
tive treatment. Without subsequent biochemical screening 
and appropriate dietary and/or medical management, the 
patient will inevitably return for further stone removal at 
some point in the future.'” 

Unfortunately, following the introduction of the various 
minimally invasive treatments to remove stones in the mid- 
1980s, many health authorities took the opportunity to save 
money by cutting out the detailed biochemical assessment of 
patients with stones on the assumption that if patients do 
have a recurrence of their stone problem after the removal of 
their first stone, then they can be easily re-treated at their 


W.G. Robertson 

Department of Physiology (Centre for Nephrology), 
Royal Free and University College Medical School, 
Rowland Hill Street, London NW3 2PF, UK 
e-mail: w.robertson @ucl.ac.uk 


P.N. Rao et al. (eds.), Urinary Tract Stone Disease, 


local urology department to remove any subsequent stones. 
Not only is the failure to provide proper prophylactic treat- 
ment for the patient bad clinical management, in the long 
term it is economically more expensive. Financial analysis 
has shown that the projected costs of treating stone patients 
solely by removing their stones by minimally invasive proce- 
dures every time they form them is considerably more expen- 
sive than removing their initial stones and then screening 
them thoroughly to identify their risk factors in order to pro- 
vide them with appropriate prophylactic management. The 
scheme that this chapter will describe, which includes a bien- 
nial biochemical screen, is more economical in terms of the 
management of recurrent stone formers than leaving the 
patients with no preventative treatment. In the UK, it has 
been calculated that every stone recurrence prevented in this 
way would save the local health authority concerned about 
£2,000.' 


53.2 Stone Clinic 


How then should we tackle the problem of investigating 
patients at a Stone Clinic to find out why they have formed 
their stones and what facilities should be available in such a 
clinic? 

Ideally, a stone clinic should be designed to serve a num- 
ber of functions.’ Firstly, it must provide a service for diag- 
nosing the presence or absence of stones in a given patient. 
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Calculi may occur at any point in the urinary tract, although 
more are located in the kidney and ureter than in the bladder. 
More than 60% of stones are small enough to be passed 
spontaneously in the urine. Within the kidney itself, concre- 
tions may be found in the calyces, in the renal pelvis, or 
extending from the calyces into the pelvis. They may be 
attached to the epithelial surfaces of the pelvi-calcyceal sys- 
tem, be encapsulated within the renal parenchyma, or lie free 
within the pelvis or lower pole of the kidney. Occasionally, 
they may occupy the entire pelvi-calcyceal space to form the 
so-called “staghorn” calculi. 

Upper urinary tract stones may occur on either side and 
are often bilateral. There is a high rate of recurrence in 
patients who are not treated prophylactically. Moreover, the 
recurrence rate appears to be higher after the use of mini- 
mally invasive techniques for the disintegration and/or 
removal of stones than it was in the days of open kidney 
surgery (Fig. 53.1). This is particularly noticeable in patients 
treated with extracorporeal shock-wave lithotripsy (ESWL), 
which, by the nature of the technique, tends to leave behind 
fragments of stone that may act as foci for subsequent stone- 
formation. Percutaneous nephrostolithotomy (PCNL) is 
slightly less of a problem in this respect, as it is usually 
easier to ensure that most of the stone fragments are removed 
during the procedure. The newer technique of flexible uret- 
eroscopy (FUR) may turn out to produce the best outcome 
of these three minimally invasive procedures since the 
stones and their fragments are usually more completely 
removed either by laser or by stone capture. However, since 
there is nothing inherent in the minimally invasive tech- 
niques that will treat the underlying cause(s) of stone for- 
mation in most cases, sole reliance on these procedures for 
the overall management of stone formers is inadequate and 
stones tend to recur unless dietary and/or medical treatment 
is instituted. 

Concretions may also become lodged at any point in the 
ureter, but most commonly do so at the upper and lower ends. 


Fig. 53.1 Stone recurrence rates 3 years after 
various urological procedures for stone 0 
removal or disintegration 


Percentage patients with recurrences 


Open surgery 


There is a constriction at the pelvi-ureteric junction that often 
obstructs the passage of a small stone. Even if the stone 
negotiates this obstacle, it may pass down the ureter only to 
become lodged at the vesicoureteric junction. Ureteric cal- 
culi may produce partial or total obstruction to the flow of 
urine, usually giving rise to severe colic. 

Finally, calculi may be found in the bladder, either lying 
free or lodged in a diverticulum in the vesical wall. Most 
probably, they originate in the upper urinary tract and con- 
tinue to grow in their new location. Others may be initiated 
in the bladder. They occur almost exclusively in elderly 
males and usually consist of uric acid or are associated with 
infection following prostatic obstruction. The other main 
situation in which bladder stones are found is in patients who 
have had an enterocystoplasty. 

The diagnosis of urolithiasis is rarely a major problem, 
since the stone behaves as a foreign body in the urinary tract 
and gives rise to symptoms that usually cannot be ignored for 
long, although about 3% of patients undergoing ultrasound 
or radiographic investigations for other abdominal problems 
have been found to have so-called “silent” or quiescent stones 
in their kidneys. A careful history of the pain may contain 
valuable diagnostic clues. A stone in the renal pelvis, for 
example, causes dull loin pain with occasional colic; in the 
ureter, it gives rise to agonizing pain radiating down into the 
groin; and in the bladder, to discomfort in the suprapubic and 
perineal regions. The patient may have hematuria, often 
microscopic, and episodes of frequency and dysuria caused 
by the passage of “sand” or “gravel.” In addition, children 
and pregnant women often present with an atypical clinical 
picture. Diagnosis is usually confirmed by a combination of 
ultrasound, a plain abdominal X-ray and, particularly in the 
case of radiolucent stones (1.e., those consisting of uric acid, 
2,8-dihydroxyadenine or xanthine), an intravenous pyelo- 
gram. Occasionally, a computed tomography (CT) or mag- 
netic resonance imaging (MRI) scan can provide useful 
additional information. 


New stones. 


New + 
residual 
stones 


PCNL ESWL HM3 ESWL 2 &3 
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The full details of the diagnostic aspects of the investigations 
are set out in previous chapters of this book (see Chaps. 
28-34). 

Having established that the patient actually has a stone (or 
stones) in the urinary tract, it is essential that the clinic pos- 
sesses the facilities to carry out the following detailed investi- 
gations to identify why the patient has formed his/her stone(s): 


e Classification of the patient into one of the various types 
of the disorder, largely determined by the composition of 
the stone 

e Identification of the demographic and epidemiological 
risk factors responsible for the stone-formation 

e Identification of any lifestyle factors that might increase 
the risk of forming stones 

e Determination of any metabolic and nutritional risk fac- 
tors for stone formation 

e Determination of the urinary risk factors for stone 
formation 


The classification of stone patients according to stone type is 
shown in Table 53.1. 

Once the patient is classified into whichever type of stone- 
forming group they belong, then the following process of 
management can be instituted: 


e Institution and monitoring of the endourological and 
medical treatment of the disorder according to the risk 
factors for the disorder identified in the particular patient 

e Follow-up of patients during their management period to 
ensure compliance with their treatment regime 


All of these procedures have the following additional 
requirements for the successful running of the stone clinic: 


e Training of the staff required for all of the procedures 
described previously. 

e Establishment of a research environment with the aim of 
continually improving the overall management of patients 
with stone disease. (This is an ideal requirement but may 
not be possible in smaller hospitals.) 


To achieve this, the ideal site for such a clinic should be 
within a general hospital with access to good facilities for 
uroradiology, endourology, lithotripsy, nephrology, and 
clinical biochemistry. Several other specialties within the 
general medical services may be occasionally required. 
Since many of the biochemical variables to be measured 
are diet dependent, the services of a good dietitian are 
essential and the clinic should be held in the morning so 
that blood and urine samples can be collected from the 
patient after a standardized overnight fast. The clinic 
should be conducted by trained physicians who appreciate 
the aims and limitations of stone management. The nursing 
staff should be well trained in the taking and handling 
of samples for analysis and the Chemical Pathology 
Laboratory should be equipped to perform the various 
analyses that are required for the assessment of the patient. 
It should be noted that some of the more specialized urine 
analyses (e.g., oxalate and citrate) might have to be per- 
formed by a commercial laboratory such as the Department 
of Chemical Pathology at University College London 
Hospitals. 


Table 53.1 The classification of stone formers and their urinary risk factors for various types of stone formation 


Stone type 


Urinary risk factor 
Rare stones ? Xanthine, ¢2,8-dihydroxyadenine 
Iatrogenic stones 
Cystine stones ? Cystine 
{pH 
TUric acid 
| Volume 
1îpH 


+ Ammonium ions 
}?Mucosubstances 


Uric acid stones 


Infection stones 


Calcium stones | Volume 

TOxalate 

Calcium 

tpH 

{Citrate 

Magnesium 
{Macromolecular inhibitors 
TUric acid 
?Macromolecular promoters 


v 


~w r v 


Silica, fsulfonamide, findinavir, ftriamterene, tsulfadiazine 


Chemical effect 


{Supersaturation of relevant stone 
constituent 


{Supersaturation of relevant drug 


{Cystine supersaturation 


TUric acid supersaturation 


?Magnesium ammonium phosphate and 
+Calcium phosphate supersaturation 
tAgglomeration of crystals 


tCalcium oxalate and/or calcium 
phosphate supersaturation 


Crystallization inhibitory activity 


Y 


{Crystallization promotive activity 
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53.3 Screening for the Risk 
of Stone Formation 


Once the presence of a stone is confirmed and a decision is 
reached on the most appropriate urological procedure to 
relieve the patients of their stones, they should then be screened 
to identify the biochemical causes of their stones. It is usually 
best to carry out the screen at a time when the patients are eat- 
ing and drinking “normally” in their free, home environment, 
but not when there is hematuria or immediately prior to the 
stone removal procedure. Once the procedure has been carried 
out, it is advisable to wait for 2-3 months before carrying out 
the screening process since during that period the patients are 
often consuming a diet that is different from “normal” and the 
risk of stone recurrence is relatively low — the so-called “Stone 
Clinic Effect.” If the patients do not form another stone within 
3 months of the current episode, they usually return to their 
former “bad” dietary habits and the risk of stones increases 
again. The biochemical screening should not be carried out on 
in-patients since the hospital diet is likely to be very different 
from that consumed on their free, home diets. 

Since urolithiasis is a multifactorial problem, there is no 
simple approach to the screening of patients. Gone are the 
days when a simple plasma calcium measurement and a dip- 
stick test for infection, hematuria, and pH were the key ele- 
ments in the investigation of patients with stones. Not only is 
there a wide range of biochemical factors to be considered, 
there are also other factors that may lead to stones as a sec- 
ondary problem, such as various metabolic disorders, life- 
style factors, a family history not only of stones but also of 
other medical disorders, epidemiological, demographic, 
genetic, and nutritional factors. 

In the London Centre for Kidney Stone Research, a fully 
comprehensive system (Lithoscreen) has been developed 


Fig. 53.2 Lithoscreen scheme 
for screening stone patients with 
a view to prescribing treatment 
to prevent recurrence of stone 
formation 


[Stone ma 


Patientscreen 
Dietscreen 
Metascreen 
Urinescreen 


Stonescreen 


over the past 10 years for the investigation of patients with 
stones.’ A large database of patient information has been 
assembled using this system that, in turn, has thrown light on 
new risk factors, such as so-called “Metabolic Syndrome” or 
ethnic eating habits or practices, which are now known to 
influence the risk of stone formation in the ever-increasing 
obese populations of most Western societies (Fig. 53.2). The 
Lithoscreen system consists of the following. 


53.3.1 Patientscreen 


A complete demographic, lifestyle, and medical history of 
the patient should be recorded including: 


e Date of birth, gender, weight, height, and body mass index 
(BMD 

e Blood pressure 

e Ethnic origins including any details of cultural and reli- 
gious habits or practices 

e A detailed stone episode history including age at onset of 
stones 

e A medical history not only of stones but also of other rel- 
evant disorders and a history of surgical procedures that 
might lead to stones as a secondary problem 

e A lifestyle questionnaire including details of occupation, 
working or living in a hot environment, night-time sweat- 
ing, strenuous exercise that leads to sweating, and air travel 

e A history of urinary tract infections 

e Details of any anatomical abnormalities in the urinary tract 

e A history of past and current medication 

e A family history of stones 

e A family history of other medical problems that may influ- 
ence the risk of stone formation such as hypertension, 


Risk 
Profile 
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type 2 diabetes, bowel disease, and any inborn errors of 
metabolism that are associated with stone formation 


This aspect of the screening procedure can be carried out by 
a suitably trained clinical nurse practitioner. 

From the previously listed information, it is often possible 
to make an initial diagnosis of why the patient has formed 
stones. Thus, patients with already identified medical condi- 
tions, such as primary hyperparathyroidism, distal renal 
tubular acidosis (dRTA), Dent’s disease, hereditary or enteric 
hyperoxaluria, hyperuricemia, hypomagnesemia, metabolic 
syndrome, hypervitaminosis D, milk-alkali syndrome, vari- 
ous genetic disorders of purine metabolism, thalassemia 


major, pancreatitis, or urinary tract infection, may be given a 
preliminary classification, although that may have to be 
modified after the metabolic screening, detailed later, is car- 
ried out. In addition, patients who have had operations such 
as small bowel resection, ileostomy, and enterocystoplasty, 
which may lead to changes in urinary biochemistry likely to 
cause urolithiasis, may be identified. A more complete list of 
all the main medical/surgical conditions that may lead to sec- 
ondary stones is shown in Table 53.2. 

The detailed Patientscreen also allows the identification 
of lifestyle factors that might increase the risk of forming 
stones from the regular passage of concentrated urine. Does 


Table 53.2 The metabolic factors involved in secondary uric acid (UA) and calcium stone formation and their effects on urinary risk factors and 


Stone type 


stone type 

Metabolic factor Urinary risk factor(s) 
Gout TUric acid 
Glycogen storage disease TUric acid 
Lesch—Nyhan syndrome TUric acid 
Neoplastic disease TUric acid 
Secondary polycythemia TUric acid 

Anemia TUric acid 
Hemoglobinopathy TUric acid 
Psoriasis TUric acid 
Cystinuria TUric acid, fcystine 


Uric acid 
Uric acid 
Uric acid 
Uric acid 
Uric acid 
Uric acid 
Uric acid 
Uric acid 


Cystine/uric acid 


Laxative abuse )Volume, {NH,,* NH, urate 
Metabolic syndrome {pH (often + foxalate, furic acid, | citrate) Uric acid/CaOx 
Ileostomy Volume, |pH Uric acid/CaOx 
Primary hyperparathyroidism TtCalcium, pH CaP/CaOx 
Distal renal tubular acidosis TpH, tCalcium CaP 
Hereditary hyperoxaluria Tt Oxalate CaOx 
Enteric hyperoxaluria TOxalate, |pH, citrate, |magnesium CaOx 
Medullary sponge kidney tCalcium CaOx/CaP 
Cushing’s disease TCalcium, tpH CaOx/CaP 
Sarcoidosis tCalcium CaOx/CaP 
Vitamin D intoxication TtCalcium CaOx/CaP 
Milk-alkali syndrome TCalcium, tpH CaP/CaOx 
Immobilization ?Calcium, tpH (from urinary tract infection) CaP/MAP 
Dent’s disease TpH CaP 
Sjégren’s syndrome tpH CaP 
Primary biliary cirrhosis tpH CaP 
Thalassemia major ttCalcium (from excessive vitamin D) CaOx/CaP 
Betel-chewing ?Calcium, tpH CaP/CaOx 
Hypomagnesemia t Oxalate CaOx/CaP 
Pancreatitis t Oxalate CaOx/CaP 
Corticosteroids TCalcium CaOx/CaP 
Acetazolamide tpH CaP 
CaCO, antacids ?Calcium, tpH CaP/CaOx 
Small bowel resection TOxalate, |pH, citrate, |magnesium CaOx 
Jejunal-ileal by-pass TOxalate CaOx/CaP 
Bariatric surgery TOxalate CaOx/CaP 
Enterocystoplasty TCalcium, tpH, |citrate, |magnesium CaP/CaOx 
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Table 53.3 Example of risk accumulation in an otherwise “normal- 
looking” urine from a CaOx/CaP stone former (AGW) compared with 
that in a normal subject with a similar, but with a lower risk, urine 
composition 


Urine factor Patient (AGW) Normal (JHT) 
Volume (L/day) 1.48 1.65 
pH 6.20 6.00 
Calcium (mmol/day) 6.05 5.50 
Magnesium (mmol/day) 3.61 4.50 
Oxalate (mmol/day) 0.41 0.35 
Citrate (mmol/day) 2.01 2.50 
Uric acid (mmol/day) 3.86 3:21 
P.,, (CaOx) 0.86* 0.35, 
P,,, (CaOx/CaP) 0.91” 0.36 
PCIE) 0.70° 0.42 


‘High risk of forming stones 
Very high risk of forming stones 
“Moderately high risk of forming stones 


the patient sweat a lot normally (particularly at night) or 
exercise strenuously and does not sufficiently replenish his/ 
her water losses or live in a hot environment or travel to the 
Tropics on holiday or on business? The occupation of the 
patient — does he/she work in a hot or other dehydrating envi- 
ronment, such as chefs or kitchen workers in restaurants or 
airline pilots and air-crew? Does he/she have an intensive job 
where it is difficult to go to the toilet (and so they do not 
drink enough) such as taxi drivers or surgeons? Does he/she 
work as an over-pressed business executive who professes, 
“to be too busy to stop and have a drink or go to the toilet”? 
Does he/she work with metals or other chemicals that may 
damage the kidneys, such as cadmium, beryllium, and tolu- 
ene and so lead to a secondary metabolic acidosis? Does he/ 
she practice some ethnic habit that may lead to an increase in 
stone formation such as betel chewing? Does he/she regu- 
larly consume antacids, which contain high amounts of cal- 
cium and alkali? Is he/she a laxative abuser? Is he/she likely 
to form iatrogenic stones consisting of silica (from regular 
ingestion of magnesium trisilicate antacids), sulfonamide, 
triamterene, sulfadiazine, or indinavir? A detailed list of the 
lifestyle factors that may lead to stone formation is set out in 
Table 53.3. 


53.3.2 Stonescreen 


All patients (and the lithotripsy unit, endourological depart- 
ment, and urologists involved with the patients concerned) 
should be strongly encouraged to retain the stones or stone 
fragments for analysis after passage or removal. The stones 
should then be analyzed quantitatively by Fourier Transform 
Infra-Red (FTIR) spectroscopy (Stonescreen).° This is an 
important tool in the Lithoscreen scheme since it provides an 
additional clue as to the cause of the stone(s) in the patient 


concerned. Unfortunately, the collection of stones is not well 
organized in many hospitals and, in any case, most do not 
have the facilities for quantitative analysis of the stones. 
However, a national commercial service for quantitative 
stone analysis is provided by the Department of Chemical 
Pathology at University College London Hospitals. 


53.3.3 Metascreen 


Metascreen provides a metabolic assessment of the patient in 
terms of identifying disorders that are likely to lead to the 
formation of secondary stones in the urinary tract.’ This 
requires a blood and urine sample to be taken from the patient 
at their first appointment at the stone clinic after an over- 
night fast (see previous) and analyzed for the following: 


e Blood- Urea, creatinine, sodium, potassium, bicarbonate, 
chloride, albumin, calcium, corrected calcium, magne- 
sium, phosphate, alkaline phosphatase, uric acid, glucose, 
parathyroid hormone (PTH), and 25-hydroxyvitamin D,. 
Plasma oxalate may also be required in patients with sus- 
pected hereditary hyperoxaluria but special precautions 
have to be taken in the sample collection and handling for 
this analysis. 

e Urine — Osmolality, urea, sodium, potassium, calcium, 
phosphate, magnesium, uric acid, oxalate, and pH (mea- 
sured by pH meter — not by dipstick). A sterile sample of 
urine should be sent for microbiological testing in cases 
of suspected urinary tract infection. In the light of the cur- 
rent interest in the role of “Metabolic Syndrome” and uric 
acid stone formation, it may also be useful to measure 
titratable acidity (TA), ammonium ion concentration 
(NH,*), and bicarbonate in order to assess the net acid 
excretion (NAE) of the patient. 


From these analyses, it is possible to determine whether or 
not the patient is suffering from any underlying metabolic 
disorder that might lead to stones, such as primary hyper- 
parathyroidism, distal renal tubular acidosis, Dent’s disease, 
hereditary or enteric hyperoxaluria, hyperuricemia, hypo- 
magnesemia, metabolic syndrome, hypervitaminosis D, and 
urinary tract infection. A full list of all the main metabolic 
disorders or conditions that might lead to secondary stone 
formation and the risk factors that lead to stones is presented 
in Table 53.2. 

It is also possible to determine the renal handling of ions 
that are particularly involved in the formation of stones such 
as calcium, phosphate, uric acid, magnesium, citrate, and 
oxalate. Patients with renal leaks of calcium and/or phos- 
phate can be identified and the cause of the renal leak related 
to their PTH and 25-OH vitamin D, status and to their renal 
throughputs of Na* and H* ions, high levels of which are 
known to cause calcium to leak out through the kidneys. 
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53.3.4 Urinescreen 


This consists of two 24-h urine samples collected on consec- 
utive days, the first into a plastic bottle already containing 50 
mL of 2.2M hydrochloric acid as a preservative. (NB: Suitable 
warnings have to be given to the patient regarding the safe 
management of their acid-containing bottles.) This acidified 
urine collection is analyzed for volume, creatinine, calcium, 
magnesium, oxalate, citrate, and urea. (If the urinary oxalate 
excretion is high, then urinary glycollate should also be mea- 
sured in the acidified sample.) On the following day, a second 
collection is made into a plain container and analyzed for vol- 
ume, creatinine, pH (measured accurately by pH meter, not 
by dipstick), sodium, potassium, urate, protein, and a qualita- 
tive test for cystine (quantitative for cystine, lysine, ornithine 
and arginine if the qualitative test for cystine is positive). 
From the combined analyses from these two urine sam- 
ples, a number of algorithms can be employed to assess the 
overall biochemical risk (P,,.) of forming stones containing 
uric acid (UA), calcium oxalate (CaOx), or calcium phos- 
phate (CaP), or various mixtures of these constituents.° This 
requires the use of seven of the aforementioned measure- 
ments in the 24-h urine samples (volume and pH and the 
urinary excretions of calcium, magnesium, oxalate, citrate, 
and uric acid). The P,,, values are calculated on a probability 
scale from 0 to 1. Values >0.5 are indicative of a significant 
risk of forming stones; values >0.9 are often found in urines 
from actively recurrent stone formers. In most patients, the 
high risk is rarely due to a single abnormal urinary constitu- 
ent (except in the case of primary hyperoxaluria) but is more 
commonly due to a combination of between two and seven 
lesser “abnormalities” depending on the stone type. Indeed, 
it is possible to have a high P,,. value with every urinary risk 
factor within its “normal range” but with several of the risk 
factors lying toward the upper or lower limits of these ranges. 
This is an important feature of the model since it allows a 
risk assessment to be made of the patient who would have 
been previously described as “having no abnormalities in 
his/her urine” yet has an abnormal combination of the vari- 
ables that lead to crystalluria and stones (Table 53.3). This 
risk factor model of stone formation can be used not only to 
assess the patient’s probability of forming stones before 


treatment but can also be used to follow his/her progress 
during preventative treatment. 


53.3.5 Dietscreen 


During the week preceding the collection of the 24-h urine 
samples, the patient is requested to complete a diet diary 
(Dietscreen) of everything that he/she consumes each day on 
his/her free, home diet. The last 2 days of the diary should cor- 
respond to the days of the 24-h urine collections. The diary is 
analyzed for total fluid intake (including what is contained in 
the various foodstuffs), calories, total calcium and calcium 
derived from dairy products, magnesium, sodium, potassium, 
phosphate, oxalate, purine, total protein (and its various frac- 
tions, including animal protein, meat + fish + poultry protein, 
dairy protein, and fruit + vegetable + cereal protein), fiber, fat, 
refined sugars, and potential renal acid load (PRAL). Dietscreen 
allows an assessment to be made of the role of diet in the 
patient’s risk of stones and can usually be correlated with the 
composition of the 24-h urine samples mentioned previously. 

PRAL can be used to estimate the net acid excreted (NAE) 
by the patient, and the estimated 24-h urinary pH can be 
determined from previously published relationships between 
urinary pH and NAE.’ The expected urinary pH estimated in 
this way can then be compared with the actual pH measured 
in the plain 24-h urine sample described previously. This can 
help in the diagnosis of acid—base disorders, such as dRTA, 
and renal buffering disorders, such as metabolic syndrome.* 
It can also identify those patients with urinary tract infec- 
tions at the time of the investigations. 


53.4 Epidemiological Factors in the 
Formation of Urinary Stones 


There are three groups of epidemiological factors that have 
been found to be of importance in the formation of urinary 
stones — demographic, environmental, and pathophysiologi- 
cal. Each of these groups contains a number of categories, 
which are summarized in Tables 53.2 and 53.4. Each has 


Table 53.4 The main demographic and lifestyle factors involved in uric acid (UA) and calcium stone formation and their effects on urinary risk factors 


Epidemiological factor Urinary risk factor(s) Stone type 
Age and gender TCalcium, foxalate, furic acid, tpH, | volume, | citrate, CaOx/CaP 
{magnesium, |inhibitors, t promoters 

Climate and season { Volume, calcium, foxalate, |pH CaOx/UA 

Stress TCalcium, foxalate, Turic acid, |magnesium CaOx/CaP 

Low fluid intake Volume, |pH CaOx/UA or CaOx 

Strenuous exercise {| Volume, |pH CaOx/UA or CaOx 

Work/live in hot environment | Volume CaOx/CaP 

Frequent air travel {Volume CaOx/CaP 

Affluence and diet TCalcium, foxalate, furic acid, | citrate, |pH CaOx/UA or CaOx or CaOx/CaP 
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been shown to increase the risk of stone formation through 
its effect on the balance between supersaturation, inhibitors, 
and promoters of crystallization in urine. For calcium stone 
formation, the most common form of the disorder, the main 
epidemiological factors are age, gender, season, climate, 
stress, occupation, affluence, diet (including fluid intake), 
and genetic/metabolic factors. The role of diet, in particular, 
has been studied in detail and this appears to explain much of 
the changing pattern of stone incidence over the past 100 
years. As the composition of the diet becomes “richer” in a 
given population (owing to an increased consumption of pro- 
tein, particularly animal protein, refined sugars, and salt), the 
incidence of stones increases. This often follows periods of 
economic expansion. During periods of recession, on the 
other hand, the incidence of stones has been noted to decrease 
in parallel with a return to a more healthy form of diet con- 
taining more fiber and fewer energy-rich foods. 


53.5 Prevention of Stone Recurrence 


The main aim in the prevention of stone recurrence is to 
decrease the likelihood of crystals forming in the urinary 
tract by reducing the supersaturation of urine with respect to 
the particular constituent(s) that occur in the patients’ stones. 
Although most of the dietary and medical treatments are 
effective in reducing the risk of stone recurrence, the main 
problem in the long-term management of stone patients is 
compliance.*'' Generally, stone formers feel well for most 
of the time, except when they are experiencing an attack of 
renal colic. It is often difficult, therefore, to maintain their 
cooperation and motivation to adhere to their preventative 
treatment over a long period after their initial stone episode. 


Uric acid (mmol) 


Fig. 53.3 A target diagram showing the urinary risk 
factor profile of a stone former before (dashed line) 
and after (solid line) treatment 


Indeed, if they do not have a recurrence of their problem 
within a few months of their episode, most stone formers 
will regress to their original abnormal pattern of urine bio- 
chemistry within 3—6 months and will eventually produce 
another stone.'? Once they have had several episodes of renal 
colic, it is usually easier to motivate them on a more continu- 
ous basis. It is important, therefore, to review the patient 
regularly as an out-patient and to repeat the 24-h Urinescreen 
tests, preferably annually but at least biennially, to ensure 
that they are adhering to the prophylaxis prescribed and to 
check that their biochemical risk of stones remains low. 

In order to try to improve patient compliance, a set of 
goals has been devised to minimize his/her risk of stone 
recurrence. These aims are based on the results obtained 
from the Lithoscreen procedure and take the form of “target 
diagrams,” consisting of radar plots of (1) urinary risk factors 
for stone formation, (2) the biochemical risk of forming vari- 
ous types of stones, and (3) the dietary risk factors for stone 
formation." The plots, which are in the form of colored con- 
centric rings ranging from green at the center, through white, 
then pink, to red on the outside, are arranged such that the 
minimum risk of stones occurs when the data points of the 
radar plot are all located within the green “bull’s eye.” There 
is a slight risk of stones when the data are in the white ring, 
a moderate risk in the pink ring, and the highest risk occurs 
when the data lie situated in the outer red ring of the target. 
The target diagrams are used to show the patient where they 
are situated before treatment and how their observance of the 
prescribed treatment is progressing. The diagrams can be 
given to the patient in order to motivate them to adhere better 
to the particular form of prophylaxis and thereby increase the 
chances that they will experience fewer stone recurrences. 

In the example shown in Fig. 53.3, a patient who had 
formed mixed CaOx/CaP stones was screened for risk 
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factors and shown to have hypercalciuria (13.5 mmol/day), 
mild hyperoxaluria (0.52 mmol/day), mild hyperuricosuria 
(4.9 mmol/day), and a slightly raised urinary pH (6.7) as his 
main abnormalities. This combination put him at a high risk 
of forming any type of Ca-containing stone, but particularly 
those consisting of a mixture of CaOx and CaP. After dietary 
advice to reduce his urinary calcium, oxalate, and uric acid 
and to increase his fluid intake, the patient’s urinary risk fac- 
tors and overall biochemical probability of forming stones 
were markedly reduced (Fig. 53.4). 

A similar target diagram has been constructed to show the 
patient’s situation with respect to his dietary risk factors. 
This is shown in Fig. 53.5. 


Fig. 53.4 A target diagram showing the relative 
probabilities of forming various types of stone in 
the same patient as shown in Fig. 53.3 
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Fig. 53.5 A target diagram containing the 
dietary data in the patient shown in Fig. 53.3 


53.6 Conclusions 


Target diagrams may be given to the patient in order to help 
them understand better whether or not they are reducing their 
risk of forming stones and, if not, which dietary factors they 
have to control in order to improve their risk. However, each 
follow-up consultation must be accompanied by a detailed 
explanation from the physician or clinical nurse practitioner of 
how to reduce the patient’s risk of stones. Encouragement has 
to be given to adhere rigorously to the medical or dietary regi- 
men prescribed at all times. In my experience, this can only be 
achieved by regular appointments at the stone clinic and at 
least biennial repeat 24-h urine collections and analysis. 
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Medical Expulsive Therapy 


Kim Davenport and Francis X. Keeley 


Abstract Although large randomized controlled trials using medical therapy to promote 
stone passage in renal colic are lacking, the evidence to date would support the use of calcium 
channel antagonists or alpha-adrenoceptor antagonists during the initial period of conserva- 
tive therapy for uncomplicated distal ureteral stones. Further studies are required to investi- 
gate their role in the treatment of proximal ureteral stones. 


54.1 Introduction 


The use of pharmacological agents in the treatment of renal 
colic stems from our understanding of ureteral smooth mus- 
cle physiology and urinary obstruction. Their use is becom- 
ing increasingly popular with the aim of increasing stone 
passage rates and reducing the time to stone passage. 

Using ureteral smooth muscle relaxation to promote stone 
passage is not a new idea. Ross suggested potential benefits 
following his early work on ureteral physiology in 1972.! 
It is not completely understood how these agents act in vivo. 
It is assumed that ureteral peristalsis is essential to allow 
stone passage; however, in the presence of a ureteral stone, 
irritation and stretch stimulation of the ureter may result in 
increased, uncoordinated peristalsis,’ which may actually 
hinder stone passage. In a canine in vivo model of acute 
obstruction, the mean peristaltic rate, baseline pressure, and 
peak pressures above the level of obstruction were all shown 
to increase significantly. Conversely, below the level of 
obstruction, the mean peristaltic rate remained unchanged 
but the baseline and peak pressures generated were both sig- 
nificantly reduced. Control of this increased, uncoordinated 
ureteral activity may help to normalize peristalsis and pro- 
mote spontaneous stone passage.’ 

There are many factors that influence the probability of 
spontaneous stone passage. Few may be modified, namely 
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preventing ureteral smooth muscle spasm in the region of the 
stone and increasing proximal hydrostatic pressure by 
increasing fluid intake. This is supported by the slower 
progression of artificial ureteral concretions in the presence 
of proximal ureteral ligation or holes within the concretion.*° 
Smooth muscle relaxant drugs and steroids may reduce 
ureteral muscle tone, edema, and inflammation, thereby 
increasing luminal diameter. 


54.2 Effect of Pharmacological Agents 
on Ureteral Function 


Many drugs in current use for alternative indications are 
capable of influencing normal ureteral physiology and reduc- 
ing ureteral tone generation in vitro. The mechanism of 
action varies with each class of agents. The methods avail- 
able include: 


1. Inhibition of prostaglandin synthesis by cyclooxygenase 
inhibition (nonselective: NSAIDs or selective: cyclooxy- 
genase II (COX II) inhibitors). These prevent stimulation 
of smooth muscle contraction by prostanoids (prostaglan- 
dins, thromboxanes, and prostacyclin).”"'° 

2. Calcium channel antagonism, which inhibits the calcium 
influx through voltage-sensitive calcium channels, essen- 
tial for action potential generation.'!\” 

3. Angiotensin-converting enzyme inhibition, which inhibits 
smooth muscle contraction by inhibiting locally produced 
angiotensin I." 

4. Potassium channel openers, which hyperpolarize ureteral 
smooth muscle membranes and inhibit ureteral activity.'* 
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. Nitrates, which promote nitric oxide release, increasing 
cyclic guanosine monophosphate (cGMP) concentration 
resulting in smooth muscle relaxation.'*!° 

. Alpha-1l-adrenergic receptor antagonism, which blocks 
the sympathetic excitatory effect at alpha-adrenoceptors.'” 

. Beta-adrenergic agonism, which promotes the sympa- 
thetic inhibitory effect at beta-adrenoceptors.'7” 

. Phosphodiesterase inhibition, which prevents the degra- 
dation of cGMP, promotes calcium uptake into intracel- 
lular storage sites and reduces the concentration available 
for smooth muscle contraction. -> 

. Calcitonin gene-related peptide agonism, which opens 
adenosine triphosphate (ATP)-sensitive potassium chan- 
nels, causing cell membrane hyperpolarization and block- 
age of the calcium channels necessary for action potential 
generation.” 


Non-steroidal anti-inflammatory drugs (NSAIDs) provide 
excellent analgesia in renal colic. In the laboratory, these 
drugs appear to reduce ureteral activity and, in some cases, 
ablate all ureteral activity.” However, despite diclofenac 
and indomethacin being highly effective in reducing the 
number of new colic episodes and admissions to hospital, in 
clinical trials, they do not affect the time to stone passage or 
the stone passage rate*>*’ in renal colic (see Table 54.1). 
The spasmolytic agents’ phentolamine (ca[alpha]-adren- 
ergic antagonist) and orciprenaline (B[beta]-adrenergic ago- 
nist) have been shown to dilate the ureteral lumen at the level 
of an artificial concretion, permitting increased fluid flow.’ 
However, these drugs have unacceptable significant circula- 
tory side effects, as do the phosphodiesterase inhibitors 
(theophylline and papaverine), and so would be unsuitable 
in the clinical setting. Nitrates stimulate the release of nitric 
oxide, which interacts with guanyl cyclase to increase cGMP, 
leading to vascular smooth muscle relaxation. They appear 
to have the same effect on ureteral smooth muscle, but unfor- 
tunately, they have a short duration of action and problematic 
side effects (flushing, headache, and postural hypotension) 
and so are not ideal for this indication. A clinical trial using 
nitrate patches has shown no beneficial effect in renal colic.” 
Although, Cox II inhibition reduces ureteral contractility as 


Table 54.1 The use of NSAIDs for the prophylaxis of acute renal colic 


effectively as indomethacin (NSAID) in porcine and human 
ureteral segments in vitro,”'° there is currently no data avail- 
able regarding its use in the treatment of renal colic. However, 
they would be expected to have limited effects on stone pas- 
sage rates similar to NSAIDs. 

The most promising agents already in clinical use for 
alternative indications are calcium channel antagonists and 
alpha-1-adrenoceptor antagonists. 


54.2.1 Calcium Channel Antagonists 


Calcium is necessary for the development of action poten- 
tials and therefore contraction of the ureter. Calcium channel 
blockers interfere with the inward displacement of calcium 
ions through the slow channels of active cell membranes and 
so would be expected to have an inhibitory effect on ureteral 
function. Calcium channel blockers have been suggested to 
inhibit the stone-induced ureteral spasm seen as fast phasic 
contractions without influencing the tonic activity of the ure- 
ter based on animal and human studies.*° 

Verapamil, nicardipine,” diltiazem, and nifedipine 
have all been shown to inhibit ureteral activity in animal 
models and in human ureter in vitro. Of these drugs, nife- 
dipine appears to have the most effect on ureteral tone and is 
the safest for clinical use. In vitro, nifedipine at concentra- 
tions of 10-°M suppressed spontaneous phasic and potassium 
induced tonic contractions.'! In vivo, nifedipine allows ure- 
teral peristalsis to continue and appears to have little effect 
on contraction frequency or tone.* 

There have been many clinical studies investigating the 
use of nifedipine in renal colic.” Unfortunately, these stud- 
ies combined the use of nifedipine with a steroid. Borghi 
et al.” randomized 76 patients with stones less than 15 mm to 
receive nifedipine 40 mg (group 1) versus placebo (group 2) 
in conjunction with 16-mg methylprednisolone (equivalent 
to 20 mg prednisolone) daily for a maximum of 45 days. The 
mean stone size was 6.7 + 3 mm in group 1 and 6.8 + 2.9 
mm, hence there was no significant difference between the 
groups. Although stones at all levels were included, the 


11,12 


Laerum” Grenabo”® Kapoor” 
Diclofenac Placebo tds Indomethacin Placebo PO bd 50 mg PR Placebo tds 
50 mg tds 7 7 days 25 mg PO bd + + PR nocte for indomethacin tds 
days 100 mg PR 7 days 
nocte for 
7 days 
Mean stone size 78% <6 mm 97% <6 mm 2.9 mm 2.8 mm 3.4 mm 3.1 mm 
Readmission rate 10% 67% 11% 39% 0% 38% 
Mean stone passage rate 68% at 74% at 59% at 1 week 61% at 1 week N/A N/A 
3 weeks 3 weeks 
Mean interval to passage 3 days 3.8 days N/A N/A 3.4 days 3.7 days 
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majority in both groups were distal ureteral. The study was 
randomized and double-blinded. Spontaneous stone passage 
occurred in 87% of patients in group | and 65% of group 2, 
which was statistically significant (p = 0.021). The time to 
passage reduced from 16.4 + 11 days in group 2 to 11.2 +7.5 
days in group | (p = 0.036). 

Porpiglia et al.” recruited 96 patients with distal ureteral 
stones 1 cm or smaller in size. Group A (n = 48) was random- 
ized to receive 30-mg deflazacort (equivalent to 25-mg pred- 
nisolone) for 10 days plus 30-mg nifedipine for a maximum 
of 4 weeks. Group B (n = 48) was used as the control group, 
but the patients were not given placebo preparations, and 
therefore, the study was neither placebo controlled nor blinded. 
The average stone sizes for each group were 5.8 + 1.8 mm for 
group A and 5.5 + 1.4 mm for group B (non significant). 
In group A, 79% of patients passed their stones at a mean time 
of 7 (range 2-10) days as compared with 35% at 20 (range 
10-28) days in group B (p < 0.05 for both variables). This 
group also looked at the amount of diclofenac used during the 
trial period and showed that those receiving nifedipine used 
significantly less analgesia, mean diclofenac use per patient of 
15 mg as compared with 105 mg (p < 0.05) (see Table 54.2). 

Cooper et al.** used polypharmacy to improve stone pas- 
sage. They randomized 70 patients with 2-6 mm stones at 
any level to receive standard treatment versus intensive man- 
agement for 7 days. The standard arm received a NSAID 
(ketorolac), the analgesic acetaminophen, and the anti-emetic 
prochlorperazine. The intensive management arm received 
these in addition to nifedipine 30 mg, prednisolone 10 mg bd, 
and the antibiotic trimethoprim. These drugs increased stone 
passage from 56% in the control arm to 86% (p = 0.001). 
However, there was no difference in the mean time to stone 
passage (11.5 versus 12.6 days). Up to 40% of patients in the 
treatment arm and 60% in the control arm described symp- 
toms that were considered drug side effects. This trial was 
totally unscientific. There were no attempts made to blind 
patients or provide a placebo group. Due to the large amounts 
of drugs prescribed, it remains unclear as to the relative ben- 
efits of each drug. There are also problems with patient com- 
pliance, increased side effects, and increased cost when 
prescribing this quantity of drugs concurrently. This study 
fails to provide any useful additional information. 

Finally, Saita et al.” allocated 50 patients with stones less 
than 15 mm at any site to receive either 30-mg nifedipine and 
25-mg prednisolone (group 1) or 25-mg prednisolone alone 


(group 2) for 20 days. There was no indication as to how the 
patients were allocated treatment and again this study was 
neither placebo controlled nor blinded. The mean stone size 
was much larger than the other studies at 12 mm in group 1 
and 12.8 mm in group 2. However, only 37 patients com- 
pleted the study. The average time to stone expulsion in 
group 1 was 6 (range 2-10) days and in group 2, 10 (range 
5-15) days. Stone passage occurred in 81% of group 1 
patients and 68% of group 2. No statistical analyzes were 
performed, and therefore, it is not known whether these 
results were significant. In view of the small sample size, this 
study was unlikely to have yielded new information. 

All four studies have indicated advantages to the use of 
nifedipine in renal colic. Since all have combined nifedipine 
with steroid, it is unclear as to the degree of benefit incurred 
with the use of nifedipine alone. Steroids not only have an 
anti-inflammatory effect on the ureter and so reduce edema 
at the level of the stone but they may also cause a degree of 
ureteral smooth muscle relaxation. All four studies have pre- 
dominantly involved distal ureteral calculi, so it remains 
unclear as to whether the beneficial effects apply to stones at 
all levels or are limited to distal ureteral stones. 


54.2.2 Alpha-1A-Adrenoceptor Antagonists 


Within the sympathetic nervous system, alpha-1-adrenergic 
fibers are excitatory; therefore, by blocking the alpha-1- 
adrenergic receptors, smooth muscle relaxation and a reduc- 
tion in contraction frequency should occur. Since the 
sympathetic nervous system only has a modulating role, 
pacemaker-driven peristalsis should continue. Reverse tran- 
scriptase-DNA studies have identified alpha-1A receptors 
along the length of the ureter; however, the distal ureter 
appears to have twice the number of receptors as compared 
with the mid or proximal ureter.” 

There are many alpha-1-adrenoceptor antagonists avail- 
able. They can be subdivided into selective and nonselective 
alpha-1-adrenoceptor antagonists. Tamsulosin is an alpha-1- 
adrenoceptor antagonist, which binds selectively and com- 
petitively to postsynaptic alpha-1-receptors, in particular to 
the subtype alpha-1A. This limits side effects. 

In vitro, alpha-l-adrenoceptor antagonism results in a 
reduction in canine and human ureteral tone generation. "7 


Group 2 p value Group 1 Group 2 p value 
Spontaneous stone passage (%) 87.2 (n = 34) 64.9 (n = 24) 0.02 79 (n = 38) 35) (aS 17) <0.05 
Time to stone passage (days) iil 16.4 0.036 7 20 <0.05 
Average total diclofenac use (mg) N/A N/A N/A 15 105 <0.05 
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Animal and human in vivo studies have demonstrated that 
alpha-adrenoceptor antagonism allows ureteral contractions 
to continue but may reduce the contraction pressures.*!” 
Danuser showed that prazosin was able to prevent the 
increased activity seen following intravenous administration 
of the alpha-1-adrenoceptor agonist, phenylephrine.'’ This 
would further support the use of alpha-adrenoceptor antago- 
nists in renal colic to prevent hyperperistalsis. 

Tamsulosin has been used to promote stone passage in 
renal colic in many randomized controlled trials, but only in 
the treatment of distal ureteral calculi. Cervenakov et al.** 
published the first double-blind, randomized study using 
tamsulosin. Unfortunately, polypharmacy was used, making 
any interpretation of results extremely difficult. One hundred 
and two patients with juxtavesical ureteral stones up to 10 
mm in size were randomized (method not stated) to receive 
standard treatment (group A) versus standard plus tamsulosin 
400 mcg (group B) for 7 days. Standard treatment comprised 
diclofenac 50 mg tds and Yellon 40 mg tds (not widely avail- 
able and action not known). No comment is made regarding 
the use of placebo in group A. There was no difference in 
stone size between the two groups. With the addition of tam- 
sulosin, stone passage increased from 63% to 80%. The sta- 
tistical significance is not stated for the difference in stone 
passage rates further devaluing the results from this study. 

In a study by Dellabella et al.,*° 60 patients with juxtavesi- 
cal stones were randomized to receive the antispasmodic flu- 
oroglucine-trimetossibenzene tds (group 1) or tamsulosin 
400 mcg (group 2) for 4 weeks alongside the steroid deflaza- 
cort 30 mg (equivalent to 25 mg prednisolone) for 10 days 
and the antibiotic clotrimoxazole bd for 8 days. The mean 
stone size was 5.8 mm in group | and 6.7 mm in group 2 (p = 
0.047). Group 2 were found to have a 100% expulsion rate 
compared with 70% in group | (p = 0.001). The mean time to 
expulsion was 65.7 h as compared with 111 hin group 1 (p = 
0.02). Group 2 used less diclofenac analgesia and required 
fewer hospital admissions for intervention (p < 0.0001 for 
both). Again this study was not blinded. The use of polyphar- 
macy and an active compound in group | as opposed to pla- 
cebo makes interpretation of this data difficult as the effects 
of clotrimoxazole and fluoroglucine-trimetossibenzene on 
stone passage are also not known. 

Dellabella et al. published results from a randomized 
study aiming to identify the role of steroids in conjunction 
with tamsulosin. Sixty patients with distal ureteral stones 
measuring 5—8 mm in diameter were randomized into two 
groups. Group | received tamsulosin 400 mcg alone for 28 
days and group 2 received tamsulosin 400 mcg plus 30 mg 
deflazacort (equivalent to 25 mg prednisolone) for 10 days.“ 
Unfortunately, there was no placebo-controlled group to 
compare true spontaneous stone passage rates. They found 
very high stone passage rates in both groups (90% versus 
97%, p = 0.6). The use of steroid appeared to have the 


additional benefit of decreasing the time to stone passage 
(120 versus 72 h, p = 0.036). With stone passage occurring 
within 3-5 days, it is debatable as to whether these patients 
truly benefited from medical therapy; without a control 
group, the relevance of these results is unknown. 

Autorino et al.*' reported an improvement in distal ureteral 
stone passage rates of 28% (from 60% to 88%, p = 0.01) 
when tamsulosin was added to their current treatment regime 
of diclofenac 100 mg, aescin 80 mg (anti-inflammatory prop- 
erties), omeprazole 20 mg, and levofloxacin 250 mg daily. 
However, the polypharmacy, absence of control, and small 
sample size of 32 in each group are again major issues with 
this study. 

Yilmaz et al.“ have reported results from a well-designed 
study with four groups comparing tamsulosin and two other 
alpha-1-adrenoceptor antagonists, terazosin and doxazosin, 
with a control group. None of the groups used steroids. A total 
of 114 patients with stones 10 mm or smaller located in the 
juxtavesical ureter or vesico-ureteral junction were included. 
The mean stone size was approximately 6 mm in all four 
groups. The patients were randomized (method not stated) as 
follows: 28 acted as controls (no placebo drug given), 29 
received tamsulosin 400 mcg, 28 received terazosin 5 mg, and 
29 received doxazosin 4 mg for 4 weeks. There were no statis- 
tically significant differences between the groups. The stone 
passage rates were 54%, 79%, 79%, and 76%, respectively. In 
groups 2, 3, and 4, this difference was significant compared 
with group | (p = 0.03, 0.03, 0.04 respectively). The average 
time to expulsion in days was 10.54 + 2.12, 6.31 + 0.88, 5.75 
+ 0.88, and 5.93 + 0.59, respectively. Again this difference 
was significant in groups 2, 3, and 4 compared with group 1 
(p = 0.04, 0.03, 0.03 respectively). There was no statistically 
significant difference between the three drugs. The use of 
alpha-1-adrenoceptor antagonists significantly increases stone 
passage in the absence of steroid use. Since terazosin and dox- 
azosin are nonselective alpha-1l-adrenoceptor antagonists, 
these results would imply that selective alpha-1A-adrenocep- 
tor antagonism is not essential for stone passage. 

More recently, Hermanns et al. have published conflict- 
ing results from their randomized, double-blind, placebo- 
controlled trial using tamsulosin 400 mcg versus placebo. 
One hundred patients were recruited, with 90 completing the 
trial. With a median stone size of 4.1 mm (tamsulosin arm) 
versus 3.9 mm (placebo arm), there was no statistically sig- 
nificant difference in stone passage rates (86.7% versus 
88.9%, p = 1.0). However, the median time to stone passage 
was reduced by 3 days with tamsulosin (7 versus 10 days, 
p = 0.36) and requirements for analgesics were reduced 
(p = 0.01). This trial has provided the first evidence that tam- 
sulosin may not be beneficial for all patients with ureteral 
stones. The predominant difference between this trial and the 
others previously discussed is the median stone size. Those 
showing benefit have a median stone size of 5-6 mm, whereas 
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this trial has a smaller median stone size of 4 mm. The 
beneficial effects on time to stone passage and analgesic 
requirements do appear to hold true. 


54.2.3 Direct Comparison between Nifedipine 
and Tamsulosin 


These two drugs have been compared directly in vitro using 
human proximal and distal ureteral strips.” Nifedipine was 
found to have equal relaxant effects on proximal and distal 
ureter. Alpha-l-adrenoceptor antagonism had a slightly 
greater effect on distal ureter but, although a reduction in 
tone was seen in proximal ureter, this was to a lesser degree. 

Two groups have directly compared nifedipine and tamsu- 
losin in clinical trials. Porpiglia et al.“ randomized 84 patients 
with juxtavesical or intramural stones less than 10 mm into 
three groups. The treatment groups received the steroid defla- 
zacort 30 mg daily for 10 days plus misoprostol (a synthetic 
prostaglandin analogue) 200 mcg bd. In addition, group 1 
received nifedipine 30 mg and group 2 received tamsulosin 
400 mcg. Group 3 received none of these drugs and acted as 
the control. No blinding was performed in this trial. There 
was no difference in stone size between the groups (p = 0.2). 
After 4 weeks, both the nifedipine and tamsulosin groups pro- 
duced similar stone expulsion rates (80% versus 85%, p = 
0.5), which were significantly better than the 43% seen in the 
control group (p <0.01 and p <0.001 respectively). Tamsulosin 
was associated with a lower time to expulsion than the nife- 
dipine and control groups, 7.9 days versus 9.3 days versus 12 
days. The reduction in time to passage as compared with con- 
trol was significant (p = 0.02) but not compared with nife- 
dipine (p = 0.2). The difference between nifedipine and 
control was not significant (p = 0.9). This study would there- 
fore indicate that tamsulosin has the additional benefit over 
nifedipine of reducing the time to stone passage. 

The largest study to date performed by Dellabella et al.“ 
compared tamsulosin (group 2) and nifedipine (group 3) 
with the control phloroglucinol (a synthetic agent with weak 
anti-cholinergic properties) (group 1) for 4 weeks. This ran- 
domized trial involved 210 patients with distal ureteral stones 
(below the common iliac vessels) greater than 4 mm. Each 
patient received the antibiotic clotrimoxazole for 8 days and 
the steroid deflazacort 30 mg for 10 days in addition to a trial 
drug. The mean stone sizes were 6.2, 7.2, and 6.2 mm. The 
expulsion rate was significantly higher in group 2 (97%) than 
in group 1 (64%, p < 0.0001) or group 3 (77%, p < 0.0001). 
The median time to stone passage was 120, 72, and 120 h in 
the phloroglucinol, tamsulosin, and nifedipine groups. In this 
study, tamsulosin resulted in significantly better outcomes as 
compared with nifedipine, despite the mean stone size being 
higher in this group and stones located proximal to the 


intramural ureter being included. However, this study would 
have been improved by the use of placebo in group | as 
opposed to phloroglucinol and by omitting the concurrent 
use of clotrimoxazole and deflazacort. Again, the polyphar- 
macy makes interpretation less clear. 


54.2.4 Meta-Analysis of Clinical Trials Using 
Tamsulosin or Nifedipine 


Hollingsworth et al.*° published a meta-analysis including all 
randomized controlled trials in which calcium channel antag- 
onists or alpha-adrenoceptor antagonists were used to treat 
ureteral stones. Only 9 of over 400 studies fit the inclusion 
criteria, which included published abstracts. Data from these 
nine trials (n = 693) were pooled.***"447>! Overall, patients 
given either drug had a 65% (absolute risk reduction = 0.31 
95% CI 0.25-0.38) greater likelihood of stone passage than 
those not given such treatment (pooled risk 1.65; 95% CI 
1.45-1.88). The pooled risk ratio for alpha-adrenoceptor 
antagonists was 1.54 (1.29-1.85) and for calcium channel 
antagonists with steroids was 1.90 (1.51-2.40). Figure 54.1 
shows the study-specific risk ratios and the pooled estimate 
for the nine studies included, and for an additional five that 
did not have a true control.*?"*°5? When these five studies 
were analyzed with the previous nine, the overall risk ratio 
remained significant at 1.52 (1.39-1.65), p < 0.0001. The 
number needed to treat was calculated at 4. 

Parsons et al.” performed a similar meta-analysis; how- 
ever, they only analyzed those randomized controlled clini- 
cal trials using alpha-adrenoceptor antagonism. A total of 11 
studies were analyzed (n = 911),**** including two studies 
assessing the effect of alpha-adrenoceptor antagonism on 
stone passage rates post extracorporeal shock wave litho- 
tripsy (SWL).%8°41-4445-48505455 Patients receiving alpha- 
adrenoceptor antagonism were 44% more likely to 
spontaneously pass their stones (RR 1.44, 95% CI 1.31-1.59, 
p < 0.001). Exclusion of those receiving SWL resulted in 
only slight changes to the effect estimate (n = 664, RR 1.44, 
95% CI 1.32-1.58). 


54.2.5 The Role of Steroids 


Steroids not only have an anti-inflammatory effect on the 
ureter but they may also cause a degree of ureteral smooth 
muscle relaxation. Studies on spontaneously contracting 
sheep ureter showed that the steroids methylprednisolone, 
dexamethasone, and hydrocortisone all dose-dependently 
inhibited ureteral motility, with dexamethasone being the 
most potent and hydrocortisone the least potent.°° The action 
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of steroids on the ureter is thought to be mediated via the 
synthesis of the anti-phospholipase protein, lipocortin, which 
inhibits phospholipase A2 enzymes necessary for prostanoid 
synthesis. 

One study using placebo versus weekly methylpredniso- 
lone 40 mg intramuscularly (equivalent to 32 mg predniso- 
lone) alongside tramadol and hydrochlorothiazide for 3 weeks 
reported improved stone passage from 44% to 88%.” Another 
study by Dellabella compared stone passage rates in 60 
patients receiving tamsulosin 400 mcg alone (group 1), or in 
addition to 30 mg deflazacort (group 2) for a maximum of 28 
days.“ They found the two groups to have similar stone pas- 
sage rates (90% versus 97%, p = 0.6); however, the time to 
stone passage was significantly reduced in group 2 (120 ver- 
sus 72 h, p = 0.036). It would therefore seem feasible that 
steroids may have a beneficial effect on spontaneous stone 
passage by either reducing ureteral edema, reducing ureteral 
activity, or both. 

Unfortunately, there are no studies to date comparing 
nifedipine, tamsulosin, and steroids separately with pla- 
cebo alone ,and therefore, it is difficult to determine what 
proportion of benefit is solely due to these drugs. Despite 
the apparent beneficial effect of steroids, both nifedipine 
and tamsulosin do appear to improve stone passage rates 
and decrease analgesic requirements. In their meta-analy- 
sis, Hollingsworth et al.*° compared studies using alpha- 
adrenoceptor antagonists versus control with those using 
alpha-adrenoceptor antagonists and corticosteroids versus 
control and found only a small additional benefit to using 
steroid. 


54.3 Conclusions 


Although large randomized controlled trials using medical 
therapy to promote stone passage in renal colic are lacking, 
the evidence to date would support the use of calcium chan- 
nel antagonists or alpha-adrenoceptor antagonists during the 
initial period of conservative therapy for uncomplicated distal 
ureteral stones. Further studies are required to investigate 
their role in the treatment of proximal ureteric stones. 
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Abstract There is little outcome-based evidence to guide the metabolic evaluation of stone 
formers. The existing guidelines are based on the experience and rational thought processes of 
investigators of stone disease. That stones are highly recurrent is always stressed in offering 
a rationale for diagnostic evaluation and preventive therapy. Recurrence affects about 30% of 
patients at 5 years, 50% at 10 years, and 80% at 20 years. Yet even these significant recur- 
rence rates may fail to motivate patients to adhere to lifelong regimens of fluid intake, dietary 
modification, or medical therapy. Large stones, consequential stones requiring urologic inter- 
vention, stones complicated by comorbidities such as heart disease, diabetes, and concomitant 
urinary tract infections may warrant evaluation and prevention even if they are “first” kidney 
stones. History taking should focus on activities, diet, occupation, medications, and family 
history. Twenty-four hour urine collections offer rich data regarding the etiology of stones and 
provide insight into patients’ metabolism, diet, and habits and allow both dietary and medical 
therapy to be prescribed based on the individual’s own pathophysiology. Follow-up collec- 
tions allow the practitioner to determine the effect of therapy and consider further dietary 
recommendations or changes in medication dosages. Characterizing the cause of hypercal- 
ciuria has not been demonstrated to favorably affect the rationale for treatment and has not 
been tested regarding its ability to produce improved outcomes. It is relatively expensive, time 
consuming, and inconvenient and is therefore not recommended. 


55.1 Introduction 


stone formation, but none of these innovative strategies to 
evaluate and treat patients have been compared to each other 
in trials designed to determine which is the superior diagnos- 
tic or therapeutic algorithm. It is therefore inevitable that a 
discussion of the application of diagnostic evaluative schemes 
will reflect the practice of the individual writer. 

There are several variables that are often not considered 
in the proffered guidelines that must be considered when 
evaluating stone formers. That stones are highly recurrent is 
always stressed in offering a rationale for offering diagnostic 
evaluation and preventive therapy. Often cited figures are 
that recurrence will occur in 30% of patients at 5 years, 50% 
at 10 years, and 80% at 20 years.' Yet even these significant 
recurrence rates may fail to motivate patients to adhere to 
lifelong regimens of fluid intake, dietary modification, or 
medical therapy. The average stone, after all, is fortunately 
not as cataclysmic as a myocardial infarction, prevention of 
which requires patient compliance with every one of the 
treating physician’s recommendations. Stones may be pain- 


There is little outcome-based evidence to guide the metabolic 
evaluation of stone formers. The existing guidelines are based 
on the experience and rational thought processes of investiga- 
tors of stone disease. These guidelines are in turn based on the 
current understanding of the pathophysiology of stone forma- 
tion, a field that has advanced considerably in recent years. 
On the other hand, there is a paucity of randomized controlled 
trials that guide effective evaluation and treatment, and a 
dearth of new agents or strategies to effect stone prevention. 
Therefore, current practice cannot be said to be “evidence 
based.” Alternate approaches that deviate from the guidelines 
offered by consensus panels or experts might reflect either 
common sense or newer pathophysiologic contributions to 
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managed by a competent endourologist, they will be rarely 
life threatening today. Patients’ motivations to adhere to pre- 
scribed regimens vary widely based on their age and experi- 
ence with stone disease. 

Algorithms for recommendations are often based on 
whether the patient has suffered a first stone or a recurrent 
one. Taking into account the relatively limited morbidity of 
most stones and the reasonable effectiveness of ensuing ther- 
apy, one influential, often cited paper concluded that since 
specific drug therapy with thiazides or allopurinol would not 
be warranted in most patients with a first kidney stone, “exten- 
sive metabolic evaluation is unnecessary.”* While this opinion 
will often be appropriate, the classification of stones as either 
“first” versus “recurrent” as the basis for deciding whether to 
carry out metabolic evaluation is not necessarily apt in every 
instance. Stones in young people are often quickly forgotten 
since they fail to regard the future with seriousness. They 
seem less likely to make required modifications in weight, 
diet, and fluid intake. Older people recognize that staying out 
of the emergency department is a worthwhile goal and may 
find even spontaneous passage of smaller stones frightening 
and complicated by other morbidities. Anyone who requires 
urologic intervention, or has a solitary kidney, or recurrent and 
severe urinary tract infections may be impressed with the con- 
sequences of stones and seek metabolic evaluation and treat- 
ment more readily than the patient who spontaneously passes 
stones. It is therefore recommended that the patient’s outlook 
regarding stone prevention and motivations for stone preven- 
tion be explored. Large stones, consequential stones requiring 
urologic intervention, stones complicated by comorbidities 
such as heart disease, diabetes, and concomitant urinary tract 
infections may warrant evaluation and prevention even if they 
are “first” kidney stones. 


55.2 Evaluation of Stone Formers 


55.2.1 History 


The results of 24-h urine collections can only be understood 
in the context of a careful assessment of several aspects of 
the patient’s history. The family history may frequently iden- 
tify other stone formers, as up to 40% of stone formers seen 
in an emergency room have first-degree relatives with stones.* 
Though genetics may account for at least 50% of stone prev- 
alence according to twin studies, the genetic basis for most 
calcium and uric acid stones is not understood.“ Infrequently, 
a family history of specific etiologies such as autosomal 
dominant polycystic kidney disease or renal tubular acidosis 
may be revealed. 

Occupational history is often a factor in stones, though its 
contribution has not been quantified. Workers in hot environ- 


ments, athletes, drivers, and teachers may all have low urine 
volumes leading to stones. An increase in urine volume may 
be all that is needed to prevent stones in such cases, though 
this otherwise simple therapeutic effect may not be so easily 
achieved when these occupational variables are explored. 

Other comorbidities are becoming increasingly more 
important to the assessment of stone formers with both diag- 
nostic and therapeutic significance. Bowel disease may cause 
low urine volumes if diarrhea is present, as is the case with 
ileostomy, short bowel syndrome, or inflammatory bowel 
disease. Loss of base in stool leads to acid urine pH and low 
urine citrate excretion, predisposing the patient to both uric 
acid stones and calcium stones respectively. Inflammatory 
bowel disease and short bowel syndrome are also associated 
with enteric hyperoxaluria and reductions in glomerular fil- 
tration rate (GFR), constituting chronic kidney disease 
(CKD).° Such patients are difficult to treat and are at risk for 
progression of CKD. 

More recently the links between stones, diabetes, hyper- 
tension, and metabolic syndrome are becoming more clear.** 
Diabetes is now recognized as a risk for both calcium and 
uric acid stones, though it notably increases the risk of the 
latter enormously. Patients with gout have more stones, prob- 
ably more as the result of low urine pH associated with insu- 
lin resistance than due to abnormalities in uric acid excretion.’ 
The links between weight gain, metabolic syndrome, and 
hypertension now mean that patients presenting with stones 
should be screened for these other comorbidities, diagnoses 
that may not have previously been identified.'° Stones may 
be the first presentation of these disorders, particularly in 
younger people who are often not under the care of a physi- 
cian. In addition, given the consequences of these disorders, 
they may offer more compelling motivations for patients to 
change diets, lose weight, and exercise. Blood pressure 
should be taken at every office visit, both because blood 
pressure control is important per se and because the use of 
thiazides to reduce calciuria may affect blood pressure so 
that establishment of baseline and response to therapy can be 
followed. 

Medications may contribute to stone formation, and 
reviewing all the patient’s prescriptions and over-the-counter 
supplements is important.'' Vitamin C contributes to oxalate 
excretion and should be limited to no more than 500 mg/ 
day.'* Some protease inhibitors used to treat human immuno- 
deficiency virus (HIV) — indinivir, nelfinavir, and saquinair 
— are poorly soluble and can cause stones and decreased 
GFR. Carbonic anhydrase inhibitors, such as acetazolamide, 
increase urine pH, reduce citrate excretion because of their 
associated metabolic acidosis, and can cause calcium phos- 
phate stones. Triamterene is poorly soluble and can nucleate 
calcium stones; it is not the preferred means of reducing 
potassium losses induced by thiazides in stone formers. 
Recent antiepileptic medications associated with stones 
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include the carbonic anhydrase inhibitor topiramate and the 
poorly soluble felbamate.'* Calcium supplements (as opposed 
to increased dietary calcium intake) have variably been asso- 
ciated with increased risk for stones.'*"* 

A careful dietary history will include questions about the 
intake of protein, purines, sodium, fluids, oxalate, and cal- 
cium. The details of these factors are described elsewhere in 
this volume. Excessive intake of animal protein, such as the 
Atkins diet popular in recent years for weight loss, has often, 
but not always, been implicated in increasing the risk of 
stones through several mechanisms, including reductions in 
citrate excretion, and increases in oxalate, uric acid, and cal- 
cium excretion.'*'> Despite this association, restriction of ani- 
mal protein did not result in the expected benefit of reduced 
stones.'° Increasing purine intake (e.g., sardines, organ meats) 
increases uric acid excretion, while increasing sodium intake 
leads to increased calcium excretion. The role of oxalate 
intake remains debated as oxalate restriction has not been 
studied with stone recurrence as an outcome. Increases in 
dietary calcium intake have generally been associated with 
fewer stones,'”'® and higher calcium diets (with concomitant 
reductions in animal protein, oxalate, and salt intake) reduce 
stone recurrence.'? Grapefruit juice has been associated with 
stones for unknown reasons.” While performing a dietary 
history is important, one must acknowledge that the evidence 
that such histories lead to therapeutic manipulations that suc- 
cessfully reduce stone recurrences is slim. 


55.2.2 Laboratory Evaluation 


All patients should have stones sent at least once, if not sev- 
eral times, for determination of composition by X-ray crystal- 
lography or infrared spectroscopy. For example, it is important 
to identify struvite stones, composed of magnesium-ammonium 
phosphate, often mixed with basic calcium phosphates, as 
there are critical implications for surgical and medical therapy. 
Cystinuria, in particular, may not be diagnosed if an inexpen- 
sive determination of stone composition is not made, leading 
to lost opportunities for effective therapy. Though even rarer, 
adenine phosphoribosyltransferase deficiency will be missed 
if its resultant 2,8-dihydroxy adenine stones are not analyzed. 

Routine serum chemistries should be determined and uri- 
nalysis performed. Even normal serum calcium values greater 
than 10 mg/dL should lead to measurement of intact parathy- 
roid hormone as stones may be a first presentation of primary 
hyperparathyroidism. Alternatively, hypercalcemia or hyper- 
calciuria with stones may represent a first presentation of sar- 
coidosis. Examination for lymph node enlargement and a 
chest radiograph should be considered. The urinalysis is most 
useful for determination of pH, though the pH of the 24-h 
collection may be more helpful. A high urine pH greater than 


7.5 or pyuria suggests urinary tract infection and struvite 
stones. Urine culture should follow, with Proteus species 
being typical, though many other bacterial species contain 
urease, the enzyme responsible for the high urine pH. If high 
urine pH is accompanied by low serum bicarbonate concen- 
trations, renal tubular acidosis (RTA) may be present; these 
patients often make calcium phosphate stones. 

Often accomplished during an emergency department visit, 
all patients should have at least a renal ultrasound to document 
the presence or absence of additional stones to gauge the sever- 
ity of the stone-forming tendency. Polycystic kidney disease is 
suggested if more than four cysts are present. 


55.3 Twenty-Four Hour Urine Collections 


The consensus among urologists and nephrologists special- 
izing in kidney stone prevention is that prevention regimens 
should be prescribed based on the results of 24-h urine col- 
lections. Much information about underlying risk factors and 
diet is to be gained from urine collections in stone formers. 
The last consensus statements issued from the National Insti- 
tutes of Health, and the European Association of Urology 
guidelines, while not recent, concur.*'”* Both guidelines sug- 
gest that 24-h collections be reserved for recurrent stone 
formers and children, but as discussed in the introduction, in 
many first-time stone formers and in varied circumstances, a 
complete evaluation may be warranted. 

Despite the widespread consensus, one must concede that 
the superiority of basing therapy on the results of 24-h col- 
lections has not been compared to therapy based on stone 
composition or based on nothing other than the generic 
occurrence of renal colic. The strategy of choosing therapy 
based on urine collections is attractive as it appears to cater 
to the individual’s specific results, but the causative nature of 
some of the results remains disputed, and the number of ther- 
apies proven to succeed based on the urine results remains 
low. Given the cost and inconvenience of performing the col- 
lections, one might ask, as patients often do, how important 
the results are. In the absence of the definitive randomized 
controlled trial on the subject, one would believe that patients 
enthusiastically appreciate knowing exactly what is in their 
urine and are usually willing to undergo the cost and incon- 
venience to understand their pathophysiology and view the 
results of their attempts to adhere to their medical regimens. 

Basing therapy on random, spot urine collections instead 
of 24-h urine collections may be tempting in many instances, 
particularly in children. Significant variations throughout the 
day in urinary excretion of calcium, oxalate, citrate, pH, and 
volume are well known, especially given the variation that 
occurs in relation to meals and sleep. In those incapable of 
reliably collecting 24 h worth of urine in a container, spot 
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collections may be the only data available. Expressing results 
normalized for urine creatinine content allows one to follow 
results in response to treatment and compare the results to 
published normal values.” An exception to the difficulty of 
using spot urine testing for diagnostic or therapeutic pur- 
poses is the case of uric acid stones. Since urine alkaliniza- 
tion is more important than reductions in uric acid excretion, 
spot samples that demonstrate an increase in urine pH to val- 
ues greater than 6.0 are particularly predictive of successful 
stone prevention. Patients can test urine pH once a day at 
varying times to ascertain if alkalinization is adequate. Suc- 
cessfully increasing pH once a day or even every other day, 
and not around the clock, may be all that is necessary to pre- 
vent uric acid stone recurrences.” For treatment of existing 
uric acid stones, more persistent alkalinization is indicated. 
Urine collections should be done on patients’ self-selected 
or ad-lib usual diets. Particularly since urine results will be 
used to advise patients regarding suggested alterations in 
their dietary habits, it makes most sense to have urine col- 
lected on days that represent their usual dietary choices, and 
then longitudinally compare subsequent results to “pretreat- 
ment” urine collections in order to judge success with dietary 
manipulation. In the context of a research study, defined 
diets, food diaries, and provided meals dispensed by a study 
center may be appropriate. But in the course of clinical care, 
only the patient’s chosen diet will allow patient and physi- 
cian to monitor progress. Patients should not do collections 
while hospitalized, while having renal colic, or while recov- 
ering from urologic interventions. It is preferable to wait for 
removal of stents, treatment of infection, and resolution of 
hydronephrosis before proceeding with urine collections. 
Various protocols for collecting the urine have been rec- 
ommended. The superiority of specific approaches to the 
evaluation has not been conclusively demonstrated. The 
guidelines of the European Association of Urology suggest 
that two collections of 24 h be performed with one contain- 
ing hydrochloric acid and one containing a preservative, 
sodium azide.” The addition of HCl ensures the dissolution 
of calcium oxalate and calcium phosphate; otherwise the 
poorly soluble crystals may precipitate and either be lost at 
the bottom of the collection container or not be measured 
while sequestered in insoluble crystals. This protocol, how- 
ever, will not yield the patient’s true urine pH value. Uric 
acid will be precipitated by the low pH from addition of HCI, 
necessitating the addition of a strong base like NaOH in 
order to solubilize precipitated and therefore unmeasurable 
uric acid. The alternative is to perform the collection without 
the addition of HCl or NaOH, determine the patient’s true pH 
value, and treat aliquots with both HCI and NaOH in order to 
accurately measure both calcium salts and uric acid. Main- 
taining urine at room temperature also helps reduce crystal- 
lization and is preferable for most patients (and spouses) but 
requires the use of an antibacterial agent such as sodium 


azide, thymol, or gentamicin.” The latter, as well as lithium 
or fluoride added to collection containers before the collec- 
tion is performed, can also be used as determinants of urine 
volume, particularly if patients cannot accurately determine 
volume before removing aliquots of urine for study. They 
serve as checks on the patients’ reported values. Patients 
should always shake up the collection container well before 
removing aliquots for measurement. 

Most important is to measure the results of any dietary or 
pharmacologic manipulation. Demonstrating the efficacy of 
a treatment to a patient — whether the hypocalciuric effect of 
thiazides, the increase in citrate excretion with oral citrate 
supplementation, or the reduction in calcium excretion with 
restriction of dietary sodium — is always worthwhile. With- 
out subsequent 24-h urine collections, patient and physician 
will be uncertain as to whether therapy is sufficient, requires 
intensification, or addition. Urine chemistry is a surrogate 
that hopefully will correlate with subsequent stone activity. 
Reductions of calculated supersaturation have not been 
proven to correlate with reductions in metabolic stone activ- 
ity, but the author believes that they are very likely to be use- 
ful in that regard. On the other hand, the outcome of interest 
is not a change in urine chemistry but the prevention of 
stones. Ultimately, the patient’s reduced experience of renal 
colic episodes or the failure of stone growth or recurrence on 
surveillance ultrasounds is more reassuring than a favorable 
urine profile. 

For patients with hypercalciuria, evaluation focused on 
defining the patient’s specific pathophysiologic abnormality 
was promoted in the past.*° However, the protocol for defin- 
ing “absorptive” versus “renal leak” hypercalciuria further 
increased the complexity of the evaluation and was not dem- 
onstrated to provide superior results. Calcium restriction, 
prescribed for those patients with “absorptive” hypercalciu- 
ria, appeared to be associated with more stone recurrence 
both in epidemiologic studies and in one randomized con- 
trolled trial.” Furthermore, although their hypercalciuria 
was termed “absorptive,” patients with this syndrome also 
had decreased bone mineral density, possibly exacerbated 
and at least not addressed by restriction of dairy intake.*® 
Finally, treatment of hypercalciuria with thiazides was suc- 
cessful regardless of the results of this classification scheme.” 
Even the originators of this classification eventually stopped 
promoting the cumbersome technique for clinical care out- 
side of the Clinical Research Center.” 

However, excessive “simplification” of the evaluation by 
not having 24-h collections done is often a missed opportu- 
nity to provide specific treatment recommendations. Despite 
significant improvements in the protocols for collecting urine 
by user-friendly laboratories, an evaluation is frequently 
avoided in the belief that prescribing generic therapy that 
does not specifically address the patients’ urine chemistries 
is easier and satisfactory. To take an important example, 
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increasing urine volume is nearly always appropriate for 
stone prevention as it is an inexpensive, safe, and effective 
therapy.*' One might argue that telling patients to “drink 
more” does not require a 24-h urine collection. Urine vol- 
ume, in fact, is one of the most important results of the col- 
lection as it identifies to what extent the patient is achieving 
or falling short of the goal of having 2.5 L of urine or more 
in order to dilute urinary stone-forming salts. The result 
makes concrete what has previously been a more abstract 
concept. Many patients who claim to be drinking “a lot” are 
rather poorly informed about what “a lot” is, and quite inac- 
curate as to what their daily urine volume is. Only with a 
prescription for 3 L (about 100 0z)/day and a measurement 
of urine volume can a successful result be visualized by the 
stone-forming patient. 

The number of collections performed is no longer debated: 
the more collections, the more accurately one can assess what 
the patient’s representative urine chemistry is. While some 
stone clinics have patients do three “pretreatment” collections 
to determine patients’ baseline urine characteristics, more 
often two collections is a reasonable compromise.” Subse- 
quent posttreatment collections done after several weeks to 
months following prescription of a prevention regimen, fol- 
lowed by a few yearly collections until stable, would be the 
usual practice. Patients may often be interested in performing 
collections both at home and at work, in order to identify dif- 
ferences resulting from varying access to toilet facilities, time, 
and availability of beverages, and dietary choices. One study 
demonstrated higher volumes at work than on weekends as 
the major difference in one small group of patients.** 

Ideally, urine is analyzed by a laboratory that specializes 
in assessment of kidney stone risk factors.** Local laborato- 
ries are often unprepared to correctly process urine samples 
to account for crystallized salts that would be lost to mea- 
surement without manipulation of sample pH as described 
previously. Increasing urine pH to solubilize precipitated uric 
acid and lowering urine pH to | to solubilize precipitated cal- 
cium oxalate and phosphate are both required to reliably 


retrieve these otherwise unmeasurable crystals suspended in 
the urine or grounded at the bottom of the collection con- 
tainer. Calculation of supersaturation of the stone-forming 
salts calcium oxalate, calcium phosphate, and uric acid is 
extremely helpful for interpretation of urine chemistries. 
Based on computer programs that estimate supersaturation 
based on concentration of the critical components, pH, cit- 
rate, and other ionic constituents, all of the urine values are 
summarized in a single number that can help patients and 
clinicians understand the net impact of their treatment. Super- 
saturation can be a variable that patients understand from a 
practical, not a physicochemical, perspective. Diet changes 
produce sporadic results, and urine volume can be erratic as 
well. Supersaturation accounts for the complementary or off- 
setting effects to produce a value that expresses likelihood of 
precipitation of the relatively insoluble stone-forming salts. 
Different labs may calculate and express results in different 
manners. Supersaturation also makes clear that the most 
important variable determining likelihood of salt crystalliza- 
tion is concentration, not absolute solute excretion. Even low 
amounts of calcium excreted in 24 h may be associated with 
stone formation in a low urine volume and at a relatively high 
supersaturation. Supersaturation also strongly correlates with 
stone composition, though this relationship is imperfect.” 
Only a laboratory specializing in stone risk will provide the 
calculated values. 

Table 55.1 offers an example of the results of collections 
in a man with hypercalciuria. The first two collections were 
done “pretreatment” and document hypercalciuria. Measure- 
ments of creatinine allow the clinician to be certain that the 
collection was performed correctly, without over- or under- 
collection. Men produce about 18—24 mg of creatinine per 
kilogram body weight, women 15-20 mg/kg. Creatinine val- 
ues should be within 10-15% of each other. Expressing cal- 
cium excretion as milligram per gram of creatinine can 
salvage the data if miscollection has occurred. A commonly 
cited definition for hypercalciuria is 4 mg of calcium per 
kilogram body weight; this calculation can often demonstrate 


Table 55.1 Results of 24-h urine collections in a 36-year-old man with calcium oxalate stones. Two collections were done “pretreatment” and one 
after initiation of thiazides 


24 h Vol 24hNa 24 h Ox 24 h Cit 24 h pH 24 h UA SS CaOx SS CaP 
3/22/08 2.4 229 222 42 446 5.6 Ve 59 0.3 12 
11/29/07 IS 212 336 44 501 5.9 643 10.1 IES 0.8 
11/28/07 1.2 188 344 28 447 59 z2 11.6 29 1.0 
24 h NH4 24h K 24 h Mg 24 h Phos 24 h Creat 
3/22/08 44 ail 126 1.0 1,633 ies} ANA 29 136 
11/29/07 37 49 99 il 33 1,721 75.0 29 4.5 195 
11/28/07 25 39 96 1.1 1,607 75.0 21.4 4.6 214 


Vol volume, L; Na sodium, mEq; Ca calcium, mg; Ox oxalate, mg; Cit citrate, mg; UA uric acid, mg; 1 SS supersaturation for CaOx calcium oxalate; 
CaP calcium phosphate; UA uric acid; NH, ammonium, mEq; K potassium, mEq; Mg magnesium, mg; Phos phosphorus, g; creat creatinine, mg; 
Cr/kg g creatinine/kg body weight; Ca/kg mg calcium/kg body weight; Ca/Cr mg calcium/g creatinine 


Adapted from Litholink Corp, Chicago, IL 
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that a smaller absolute amount of calcium is in fact too high 
for a smaller person. However, the prior caveat offered about 
concentration of calcium being more important than the 
absolute amount still applies. In this case, thiazides were 
used to lower urine calcium and the patient successfully 
increased urine volume. The net effect of these two maneu- 
vers can be seen in the markedly lowered supersaturation for 
calcium oxalate. 

A similar concept is behind direct measurement of super- 
saturation of cystine in patients with cystinuria.*° Changes in 
pH, cystine excretion, and urine volume can be integrated 
into a single value that should correlate with stone activity 
better than any individual variable alone. The test is available 
in the USA at present only from Litholink Corp (Chicago, 
IL, USA). 


55.4 Conclusions 


Twenty-four-hour urine collections offer rich data regarding 
the etiology of stones and provide insight into patients’ 
metabolism, diet, and habits and allow both dietary and med- 
ical therapy to be prescribed based on the individual’s own 
pathophysiology. Follow-up collections allow the practitio- 
ner to determine the effect of therapy and consider further 
dietary recommendations or changes in medication dosages. 
Characterizing the cause of hypercalciuria has not been dem- 
onstrated to favorably affect the rationale for treatment and 
has not been tested regarding its ability to produce improved 
outcomes. It is relatively expensive, time consuming, and 
inconvenient and is therefore not recommended. 
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Medical Management of Idiopathic Calcium 


Stone Disease 


Samuel P. Sterrett and Stephen Y. Nakada 


Abstract Urolithiasis is a relatively common disorder with a high recurrence rate. Calcium- 
containing stones represent approximately 80% of all stones. Dietary and metabolic abnor- 
malities can contribute to calcium stone formation and treatment options are tailored to 
address these abnormalities. Dietary factors that have been shown to reduce stone formation 
rates include fluids, sodium, animal protein, fruits and vegetables, calcium, and oxalate. If 
dietary measures are unsuccessful and metabolic defects persist, selective medical therapy 
along with dietary therapy may be instituted. Pharmacological agents used to address the 
metabolic defects of calcium stone disease include thiazides, potassium citrate, allopurinol, 
and orthophosphates. Dietary modifications with or without pharmacologic regimens are 
extremely effective and safe in the calcium stone former. 


56.1 Introduction 


The lifetime risk of stone formation in the USA exceeds 13% 
in men and 7% in women! with recurrence rates as high as 
30-40% at 5 years if left untreated.’ In addition, total annual 
medical expenditures for urolithiasis in the USA exceed $2 
billion and indirect costs for lost wages is estimated at $139 
million annually.** With comprehensive evaluation, dietary 
and metabolic abnormalities can be identified in more than 
90% of stone formers, and the institution of preventative 
dietary and medical measures has resulted in substantial 
reduction in stone recurrence rates.’ 

Among the various stone compositions, calcium-contain- 
ing stones represent approximately 80% of all stones. Cal- 
cium oxalate stones represent 60% of this number, and 
calcium phosphate hydroxyapatite and brushite represent 
20%.° Calcium stones form as a result of many dietary and 
metabolic abnormalities. Identification of these factors is the 
key to successful treatment. In this chapter, we review the 
various dietary and pharmacological options for the medical 
management of calcium stone disease. 
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56.2 Dietary Factors 


Dietary measures have been well documented to reduce 
stone formation by reducing the excretion of stone constitu- 
ents or increasing urinary inhibitors. In some stone patients, 
dietary modifications alone will be enough to prevent recur- 
rence of disease. In others, dietary modifications will need to 
be supplemented with pharmacological therapy. A number 
of dietary factors have been shown to influence stone forma- 
tion, including fluids, sodium, animal protein, fruits and veg- 
etables, calcium, and oxalate. 


56.2.1 Fluids 


The general recommendation for all stone patients is to 
maintain a daily urine output of 2 1. In the calcium stone 
former, this fluid reduces urinary saturation of stone forming 
calcium salts and dilutes promoters of calcium oxalate crys- 
tallization. Several studies have demonstrated that a high 
fluid intake is inversely related to the risk of kidney stone 
formation.’” In addition, Strauss and colleagues have dem- 
onstrated that failure to increase urine output is one of the 
three strong predictors of relapse for those patients observed 
in a dedicated stone clinic.'° 
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Not all beverages are comparable with regard to their 
beneficial effect. Carbonated beverages, alcohol, coffee, and 
tea have been shown in epidemiological studies to decrease 
the risks of nephrolithiasis.'' Multiple studies have investi- 
gated the effect of citrus fruit juices on urinary stone risk 
factors. Lemonade and orange juice are two such juices that 
have proven to increase urinary citrate excretion.'*!* Potas- 
sium-rich fruit juices such as orange juice provide organic 
anions that are metabolized to alkali, thereby increasing uri- 
nary pH and citrate. Lemonade, although replete with citric 
acid, does not provide these anions. In fact, Odvina demon- 
strated that despite comparable citrate content, orange juice 
has greater alkalizing and citraturic effects than lemonade." 
Conversely, apple and grapefruit juice have been found to 
increase the risk of stone events." Recent evidence also sug- 
gests that caffeine may increase the risk of stone recurrence 
in calcium stone formers by increasing the excretion of cal- 
cium. Caffeine increased urinary calcium/creatinine, magne- 
sium/creatinine, citrate/creatinine, and sodium/creatinine 
but not oxalate/creatinine ratios in stone formers and con- 
trols. Furthermore, supersaturation calculations increased, 
despite the noted increases in the inhibitors citrate and mag- 
nesium.'° Overall, most evidence suggests that the volume, 
not the type, of fluid ingested is more important for stone 
prevention." 


56.2.2 Sodium 


Salt ingestion increases calcium stone risk by reducing renal 
tubule calcium reabsorption, thus increasing urinary calcium. 
Elevated urinary calcium results in an increased urinary satu- 
ration of monosodium urate and reduced urinary citrate. 
Consequently, inhibition of calcium oxalate and calcium 
phosphate stone formation is reduced, monosodium urate- 
induced calcium oxalate crystallization is enhanced, and uri- 
nary saturation of calcium oxalate and calcium phosphate is 
increased. 

Sakhaee and colleagues confirmed the effects of salt 
loading in a clinical crossover study involving normal vol- 
unteers. Subjects given a high sodium diet were found to 
have not only increased calcium excretion but also increased 
urine pH and decreased citrate excretion.'* Borghi and col- 
leagues later showed that in combination with animal pro- 
tein restriction and moderate calcium ingestion, a reduced 
sodium diet will decrease stone episodes by approximately 
50%. Given that the average American requires about 
500 mg of sodium yet consumes 2,300-6,900 mg of sodium 
per day, we typically recommend a sodium intake range of 
less than 3,300 mg/day for those with moderate to severe 
hypercalciuria.” 


56.2.3 Animal Protein 


Animal protein provides an acid load because of the high 
content of sulfur containing amino acids. In turn, this reduces 
urine pH and citrate and enhances urinary calcium excretion 
via bone resorption and reduced renal calcium reabsorption. 
In addition, the purine load increases urinary uric acid as 
well as the risk of calcium oxalate stone formation. Meat, 
poultry, fish, seafood, cheese, and egg yolks are significant 
contributors to the acid load of the Western diet. Dairy, 
grains, and a few vegetables (corn, peas, lentils) also confer 
an acid load, albeit much lower, because of their higher con- 
centration of phosphorus and sulfate.”! 

Clinical data supporting low animal protein diets for 
stone prevention is building. A positive correlation between 
animal protein consumption and new stone formation has 
been shown in men but not in women.’* A lower rate of stone 
formation in hypercalciuric stone formers maintained on a 
normal calcium, low protein, and low sodium diet has also 
been demonstrated.*! A recent study by Seiner and col- 
leagues revealed that an increased intake of animal protein 
was identified as one of the most important dietary risk fac- 
tors for stone formation in recurrent calcium oxalate stone 
patients.” 


56.2.4 Fruits and Vegetables 


Fruits and vegetables are potassium-rich foods and confer an 
alkali load. In addition, the citric acid contained in citrus 
fruits is metabolized to carbon dioxide and water, potentiat- 
ing the alkali effect of these foods. A low intake of fruits and 
vegetables, coupled with a high intake of animal protein, 
confers an acid load that lowers urinary pH and citrate and 
may increase urinary calcium. Meschi and colleagues con- 
firmed these findings by restricting fruits and vegetables in 
12 normal adults over a 2-week period. They also found that 
addition of fruits and vegetables to the diet of hypocitraturic 
stone formers, not used to eating them, not only significantly 
increases citrate excretion without affecting oxalate excre- 
tion, but also decreases calcium oxalate and uric acid relative 
saturation.” We typically recommend at least five or more 
servings of fruits and vegetables per day. 


56.2.5 Dietary Calcium 


Historically, calcium restriction has been recommended to 
decrease urinary calcium and prevent stone formation. Cur- 
rent studies, however, show a protective effect of normal to 
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high calcium intake in preventing stone formation.'' The 
protective effect of high calcium intake in these studies was 
attributed to the decline in urinary oxalate that results from 
reduced intestinal oxalate absorption in the face of increased 
luminal calcium-oxalate complex formation. It is important 
to remember that urinary oxalate levels depend on a combi- 
nation of dietary oxalate, calcium, and the state of intestinal 
calcium absorption. Decreasing both dietary calcium and 
oxalate can also produce low urinary calcium levels without 
the associated rise in urinary oxalate. Pak et al. demonstrated 
this eloquently in a large retrospective study of calcium stone 
formers. They found that a short-term program of dietary and 
calcium and oxalate restriction resulted in a significant 
decline in urinary calcium in hypercalciuric patients without 
a change in urinary oxalate.” Thus, hypercalciuric patients 
may be optimally treated with a program of modest calcium 
and oxalate restriction. Severe calcium restriction should be 
avoided to prevent a negative calcium balance. 

There is ample evidence to suggest that calcium supple- 
mentation can be safe if attention is paid to preparation and 
timing. In a review of postmenopausal women, Domrongkit- 
chaiporn et al. demonstrated that calcium supplementation 
does not have deleterious effects on urinary calcium, oxalate, 
or citrate levels. Furthermore, supplementation with a meal 
or combined calcium supplement and estrogen therapy was 
not associated with a significant increased risk of calcium 
oxalate stone formation in the majority of postmenopausal 
osteoporotic patients.” These authors later showed that sup- 
plementation with meals offered no increase in urine super- 
saturation of calcium oxalate, a protection that did not remain 
for patients taking a nighttime bolus ingestion.” Calcium cit- 
rate (350 mg three times daily) has proven to be an excellent 
choice for calcium supplementation as urinary citrate, in 
addition to urinary calcium, is increased. The protective 
effect of citrate provides reassurance to patients and physi- 
cians worried about the lithogenic potential of calcium sup- 
plements.”’ Vitamin D supplementation, required for optimal 
calcium absorption, has been shown to be safe without 
increasing urinary calcium excretion in healthy postmeno- 
pausal women.”® 


56.2.6 Dietary Oxalate 


Dietary oxalate is believed to account for 10-50% of urinary 
oxalate, depending on dietary calcium and oxalate intake and 
the bioavailability of oxalate in foods.” Many plant foods 
contain oxalate, which is acquired through the soil during 
growth. A list of foods known to cause high urinary oxalate 
excretion is listed in Table 56.1. When dietary oxalate and 
calcium are consumed concurrently, urinary oxalate is 


Table 56.1 Foods proposed to cause hyperoxaluria 


Nuts (especially almonds, hazelnuts, cashews, and peanuts) 
Tea (green and black) 
Sesame seeds 

Chocolate 

Spinach 

Swiss chard 

Okra 

Beets 

Rhubarb 

Soybeans (tofu and soy nuts) 
Wheat bran 

Buckwheat 


decreased due to binding of oxalate in the gastrointestinal 
tract. Thus, a low calcium intake increases the oxalate 
absorbed. Magnesium is also capable of binding oxalate in 
the gastrointestinal tract. Increased oxalate absorption can 
lead to calcium oxalate stone formation. Patients with inflam- 
matory bowel disease or fat malabsorption are at increased 
risk of calcium oxalate stone formation due to the precipita- 
tion of calcium and magnesium with fatty acids increasing 
oxalate absorption. In addition, calcium oxalate stone form- 
ers with mild hyperoxaluria have also been shown to have 
increased renal excretion and intestinal absorption of 
oxalate.” In general, a dietary restriction of oxalate rich 
foods is recommended for patients exhibiting urinary 
hyperoxaluria. 

Vitamin C (ascorbic acid) ingestion is also considered a 
risk factor for calcium oxalate stone formation because of its 
conversion to oxalate. A large cohort study demonstrated a 
41% increased risk of stone formation in men consuming | g 
or more of vitamin C daily compared to those consuming 
less than 90 mg daily! Another study demonstrated a 
20-33% increase in urinary oxalate with the consumption of 
2 g of vitamin C daily.” We typically limit our stone patients 
to less than 500 mg of vitamin C supplementation daily. 


56.3 Pharmacological Therapy 


If dietary or conservative measures for calcium stone disease 
are unsuccessful and metabolic defects persist, selective 
medical therapy along with dietary measures may be insti- 
tuted. The ideal drug should reverse any physiologic defect 
and be safe to the patient. A number of pharmacological 
agents have been used to target these metabolic abnormali- 
ties including thiazides, potassium citrate, allopurinol, and 
orthophosphates. 
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56.3.1 Thiazides 


Thiazide diuretics are typically reserved for patients with 
severe renal hypercalciuria. This class of medications has 
been widely used to treat absorptive hypercalciuria because 
of its hypocalciuric action and high cost and inconvenience 
of alternative therapy. The hypocalciuric action of thiazides 
is attributed to enhanced calcium reabsorption in the distal 
tubule. In addition, thiazides promote sodium and calcium 
reabsorption in the proximal renal tubule, further reducing 
urinary calcium. Thus, a high sodium diet can attenuate the 
hypocalciuric effects of thiazide diuretics. Thiazides may 
also increase urinary excretion of zinc and magnesium. 
Hydrochlorothiazide and chlorthalidone are the most com- 
monly used thiazide diuretics. Recommended dosages are 
hydrochlorothiazide 25 mg once or twice daily or chlorthali- 
done 25-50 mg daily. Alternatively, indapamide (1.25—2.5 mg 
daily) is a non-thiazide diuretic that has a similar mechanism 
of action thiazides and has been shown in a randomized trial 
to be effective in preventing stone recurrence.” Side effects of 
thiazides are listed in Table 56.2. Side effects are common and 
occur in up to 30-35% of patients treated with thiazide. Many 
side effects are seen at the initiation of treatment but resolve 
with prolonged treatment. Thiazide-induced hypokalemia can 
lead to intracellular acidosis and hypocitraturia. The empiric 
use of potassium citrate can prevent both of these conditions. 


Table 56.2 Possible side effects of thiazides 
Hypokalemia 


Fatigue 

Drowsiness 

Dizziness 

Decreased libido 
Impotence 

Carbohydrate intolerance 
Hyperuricemia 
Musculoskeletal symptoms 


Gastrointestinal complaints 


Evidence also implies that thiazide-induced hypokalemia can 
result in sudden cardiac death in some hypertensive patients.** 
The addition of a potassium sparing diuretic may further 
reduce the mortality risk. 

A number of randomized trials have demonstrated a ben- 
efit of thiazides in reducing the rate of stone recurrence in 
calcium stone formers (Table 56.3).357 In a meta-analysis 
of randomized medical therapy trials, a 21% risk reduction in 
stone recurrence rates was demonstrated with the initiation of 
thiazides or indapamide.** We routinely prescribe Moduretic 
(hydrocholorothiazide and amiloride) to patients with persis- 
tent hypercalciuria unresponsive to dietary modifications. 


56.3.2 Potassium Citrate 


Potassium citrate increases urinary pH and citrate, thereby 
increasing urinary inhibitory activity, and reducing urinary 
calcium. Potassium citrate can be used for treatment of 
patients who have hypocitraturia, uric acid-induced calcium 
oxalate stone formation, hyperuricosuric calcium oxalate 
stone disease who are unable to tolerate allopurinol, and in 
conjunction with thiazides for patients with hypercalciuria to 
prevent thiazide-induced hypokalemia and hypocitraturia. In 
addition, potassium citrate can raise the urine pH in patients 
with enteric hyperoxaluria. 

The typical dose of potassium citrate is 20 mEq twice per 
day, although higher doses may be required with severe 
hypocitraturia. Side effects of potassium citrate include gas- 
trointestinal disturbances, weakness, mental status changes, 
or muscle pain. Close monitoring of urinary pH is needed in 
patients who form calcium phosphorus crystals, as these may 
precipitate at higher urine pH. 

In a randomized trial, Barcello and colleagues have dem- 
onstrated a 75% reduction in stone recurrence rates among 
hypocitraturic stone formers.” Likewise, potassium citrate 
has been shown to be effective in reducing stone recurrence 
rates in hyperuricosuric calcium oxalate stone formers unable 
to tolerate allopurinol.*° 


Table 56.3 Randomized trials demonstrating a reduction in stone recurrence using thiazides 


Author (date) 


Study arms 


Thiazide dose 


Urinary calcium Stone formation rates using 


thiazide 


Pak (2003)* Trichlormethiazide vs. 4 or 2 mg/day Significantly decreased* Significantly decreased* 
indapamide 

Ohkawa (1992)*° Trichlormethiazide vs. 4 mg/day N/A Significantly decreased 
no treatment 

Ettinger (1988)°*° Chlorthalidone vs. magnesium 25 or 50 mg/day N/A Significantly decreased 
hydroxide vs. placebo 

Laerum (1984)°” HCTZ vs. placebo 25 mg b.i.d. N/A Significantly decreased 


“Urinary calcium and stone formation rates were significantly reduced in both groups compared to baseline 


N/A not available, HCTZ hydrochlorothiazide 
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56.3.3 Allopurinol 


Allopurinol is a xanthine oxidase inhibitor that prevents the 
conversion of hypoxanthine to xanthine, the precursor of uric 
acid. This blockade reduces the heterogenous nucleation of 
calcium oxalate by both uric acid and monosodium urate. In 
addition, uric acid and monosodium urate adsorb normally 
occurring macromolecular inhibitors of calcium oxalate 
crystallization. It is indicated in calcium stone formers who 
have moderate to severe hyperuricosuria and in whom dietary 
modification fails.*' Allopurinol has been proven to reduce 
urinary uric acid levels and prevent recurrent stone forma- 
tion. In the sole double-blinded, placebo-controlled study 
involving 29 calcium oxalate stone formers receiving 
allopurinol for 3 years, 51% had fewer recurrences than those 
treated with placebo.” A dosage of 100-300 mg/day is gen- 
erally well tolerated, and the side effects are limited to irre- 
versible liver enzyme elevation and skin rash. Monitoring 
uric acid levels as well as renal and hepatic function is 
recommended. 


56.3.4 Orthophosphates 


Orthophosphates have been shown to inhibit 1,25-dihy- 
droxyvitamin D synthesis and are believed to reduce urinary 
calcium by directly impairing the renal tubular absorption of 
calcium and by binding calcium in the intestinal tract. Uri- 
nary phosphorus is markedly increased during treatment, a 
finding that reflects the absorbability of soluble phosphate. It 
is important to note that although orthophosphate reduces 
the urine saturation of calcium oxalate, it increases the urine 
saturation of brushite. Orthophosphates are typically pre- 
scribed for patients with absorptive hypercalciuria type 3. 
They are contraindicated in nephrolithiasis complicated by 
urinary tract infection because of the increased phosphorus 
load. 

Orthophosphates are typically composed of a neutral or 
alkaline salt of sodium or potassium and a phosphorus com- 
ponent. They are associated with a high instance of gastroin- 
testinal discomfort, which limits its efficacy. Newer slow 
release, neutral potassium phosphate formulas have been 
developed to limit this side effect. In addition, potassium 
avoids the use of sodium, which can offset the hypocalciuric 
action of the orthophosphate. Finally, this medication pro- 
vides a lower pH than previously available orthophosphate 
preparations, making it less likely that crystallization of cal- 
cium phosphate may occur. 

A randomized prospective double-blind trial was per- 
formed in 21 patients with documented stone formation and 
absorptive hypercalciuria type 1. Patients were randomized 
to either potassium phosphate or placebo. No significant side 


effects or increase in fasting serum potassium or phosphorus 
was seen in either group. Most importantly, potassium phos- 
phate significantly reduced urinary calcium from 288 mg/ 
day to 171 mg/day without altering oxalate excretion.” 


56.4 Conclusions 


Calcium stones are the most frequent type of kidney stone 
identified. The etiology of calcium stones is complex and 
multifactorial. Systematic identification of underlining meta- 
bolic abnormalities is essential in directing treatment proto- 
cols for these patients. Dietary modifications with or without 
pharmacologic regimens are extremely effective and safe for 
calcium stone formers. 
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Medical Management: Uric Acid 
and Cystine Stones 


Khashayar Sakhaee 


Abstract The main metabolic abnormality for uric acid stone formation is abnormally acidic 
urine (urinary pH < 5.5). The most important modalities of treatment in this condition include 
urinary alkalization to maintain a urinary pH between 6.0 and 6.5 and high fluid intake to 
ensure urine output above 2 L/day. Potassium alkali is the preferred treatment over sodium 
alkali treatment since it is effective in raising urinary pH, lowering urinary calcium excre- 
tion, and inhibiting sodium urate—induced calcium oxalate crystallizations. Cystinuria is an 
inherited disorder of dibasic amino acid transport, which clinically presents nephrolithiasis or 
bladder stones. Physicochemically, cystine has limited solubility in the urinary environment. 
Therefore, its precipitation solely depends on urinary cystine supersaturation. The early diag- 
nosis of cystinuria is significant as early prevention and treatment measures may provide pro- 
tection against renal function impairment. Prevention and treatment include the provision of 
high fluid intake and urine alkalinity in order to exceed a urinary cystine solubility threshold 
of 250 mg/L (1,000 u[micro]mol/L). Specific treatment regimens are limited and only include 
chelation treatment with D-penicillamine or o(alpha)-mercaptopropionylglycine. These treat- 
ment regimens are usually effective, but a number of them confer side effects. 


cystine into the urine, which ultimately leads to cystine stone 
formation. These stones have been found to be present in 
both pediatric and adult populations, and may manifest as 
either kidney or bladder stones. However, the latter is more 
frequently encountered in childhood. The objective of treat- 
ment for this condition includes hydration and alkalinization 
in order to increase urinary cystine solubility. Pharmacological 
treatment may only be used if conventional treatment is 
insufficient. 


57.1 Introduction 


It is well established that unduly acidic urine plays a major role 
in uric acid (UA) crystal deposition and stone formation. It has 
also become increasingly recognized that UA stones are accom- 
panied by a cluster of features associated with the metabolic 
syndrome. Until now, the major effort in the treatment of this 
condition has been targeted at the correction of high urinary pH 
with alkalinizing agents. This treatment has been significantly 
effective in the reduction of UA stone incidence. With the 
recent advances in our understanding of the pathophysiologic 
basis of this disease, it is plausible to anticipate the develop- 
ment of novel drugs that not only correct urinary acidity but 
also reverse various features of the metabolic syndrome. 
Cystinuria is an autosomal recessive disorder, which is 
caused by the defective transport of cystine and other dibasic 
amino acids in the kidney and intestine. This renal transport 
abnormality leads to the excessive excretion of poorly soluble 


57.2 Uric Acid 


57.2.1 Clinical Presentation 


UA stones may present as either pure UA or mixed UA and 
calcium oxalate.! With the exception of a few specific 
genetic mutations in UA metabolism which increase the risk 
of significant hyperuricemia (serum UA > 10 mg/dL), hyp- 
eruricosuria (urinary UA concentration > 1,000 mg/day), 
renal failure, and severe gout,” UA nephrolithiasis typically 
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only affects adults. However, with increasing incidence of 
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obesity and diabetes, there has recently been a report of UA 
stones in pediatric populations.’ Hyperglycemia, glucose 
intolerance, hypertension, dyslipidemia, hyperuricemia, and 
obesity are all factors associated with UA stones.' 


57.2.2 Diagnosis 


If available, the diagnosis of UA nephrolithiasis must first be 
confirmed by a stone analysis to document the presence of 
pure UA or mixed UA and calcium oxalate stones. The sec- 
ond step involves a complete metabolic evaluation to exclude 
the possibility of secondary influences.* Since stone analysis 
in the majority of instances may not be obtainable, physi- 
cians must then rely on full blood and 24-h urine profiles. 
The 24-h urinary profile should consist of the measurement 
of total volume, pH, creatinine, sodium, potassium, calcium, 
magnesium, oxalate, citrate, sulfate, and chloride. This full 
panel is required to segregate the endogenous metabolic 
abnormalities from environmental influences such as exces- 
sive protein intake. Urinary sulfate is a surrogate marker of 
acid ash consumption found in animal protein. In some 
instances, urinary urea is also used as a marker of protein 
ingestion. Computerized tomography (CT) examination is 
important since radiolucent uric acid stones can be readily 
shown with this technique. 


57.2.3 Differential Diagnosis 


In addition to UA stones, xanthine and 2,8-dihydroxyadenine 
(2,8-DHA) stones are radiolucent. Therefore, stone analysis 
is essential to differentiate these stones from UA stones. 
Xanthine stones are usually found in inherited UA pathway 
disorders, including Lesch-Nyhan Syndrome or in heredi- 
tary xanthinuria.* This stone may also occur infrequently in 
patients on allopurinol treatment. 2,8-DHA stones are seen in 
patients with adinine phosphoribosyl transferase deficien- 
cies.*° One important differential diagnosis, which is usually 


Table 57.1 Differential diagnosis of UA stones 


ignored by practicing physicians, is the differentiation 
between hyperuricosuric calcium oxalate nephrolithiasis and 
UA stones.°’ Urinary pH and urinary uric acid can be used to 
discern between these two conditions. Hyperuricosuria and 
urinary pH >5.5 are typically encountered in the former con- 
dition,’ while acidic urine pH < 5.5 is predominantly encoun- 
tered in UA stone formers! (Table 57.1). 


57.2.4 Treatment 


57.2.4.1 Lifestyle Modifications 


Similar to other kidney stone diseases, patients with UA 
stones must rigidly adhere to various lifestyle modifications. 
These measures include the administration of sufficient fluid 
intake in order to attain approximately 2 L of urine per day. 
One important factor in fluid repletion includes the consider- 
ation of extrarenal losses caused by hot environments and 
from strenuous physical exercise.* Dietary protein restric- 
tions must be encouraged, and 24-h urinary sulfate measure- 
ments may be used to assess patient compliance. Generally, 
values less than 20-25 mmol/day are suggestive of low ani- 
mal protein consumption. The recommended daily dietary 
protein allowance is 0.8 g/kg. To date, it remains unknown 
whether various other sources of dietary protein influence 
urinary pH and urinary UA. 


57.2.4.2 Specific Pharmacological Treatment 


Since urinary pH plays a key role in UA solubility, alkali treat- 
ment is essential in the treatment of this population.” It has 
been shown that potassium alkali treatment is preferred in the 
prevention of stone recurrence in these subjects.”'° Potassium 
alkali has also been shown to lower urinary calcium excretion, 
reducing the risk of calcium oxalate as well as UA stone for- 
mation. Sodium alkali must be used in those subjects with 
impaired renal function or gastrointestinal (GI) intolerance to 
potassium salt. The size of the patient usually dictates the 


Radiographic Urinary findings Serum UA Response to 
Stone type findings pH UA FE uric acid Calcium findings alkali therapy 
UA stones Radiolucent Decreased Normal Decreased Normal Increased Positive 
Mixed UA/ Mixed radiolucent Normal to Normal to Normal to Normal to Normal to Positive 
calcium oxalate and radioopaque decreased increased decreased increased increased 
stones 
Hyperuricosuric Radioopaque Normal Increased Normal Normal Normal Positive 
calcium stones 
Xanthine stones Radiolucent Normal Increased to Normal Normal Decreased Negative 

normal 

2,8-DHA stones Radiolucent Normal Normal Normal Normal Normal Negative 


UA uric acid, FE fractional excretion 
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daily dosage of alkali treatment. Generally, 30-60 mEq of 
alkali is sufficient in raising urinary pH. It is crucial to moni- 
tor urinary pH at an interval of 6-12 months and maintain a 
urinary pH between 6.1 and 6.7 in order to avoid the compli- 
cation of calcium phosphate stone formation.'? In some 
instances, if alkalinization with sodium and/or potassium salts 
is not feasible, carbonic anhydrase inhibitor (Diamox®) may 
be used as an alternative agent. However, this drug can be 
complicated by the development of systemic metabolic acido- 
sis, hypocitrituria, and highly alkaline urine. This may predis- 
pose the patient to calcium oxalate stone formation.'*'° 
Hyperuricosuria in females (>600—700 mg/day) and in males 
(>700-800 mg/day) must be treated with allopurinol. 

Hyperuricosuria is not commonly detected in patients 
with idiopathic UA nephrolithiasis. However, it is commonly 
encountered in patients with primary gout, in those with an 
inborn error in UA metabolism, and in patients in a state of 
high tissue turnover. Although the side effects of allopurinol 
treatment are minimal, it should not be used in patients with 
impaired kidney function or renal insufficiency. Typically, 
the dosage required is 300 mg/day. At this time, there is no 
alternate agent available to substitute for allopurinol. In pre- 
liminary studies, one possible agent, Febuxostat, has been 
shown to be effective in lowering serum urate concentrations 
and limit gouty attacks,'° but it’s effectiveness in hyperurico- 
suric calcium nephrolithiasis has not been demonstrated. 
Lastly, one may use rasburicase, a recombinant uricase, to 
convert UA to soluble allantoin and lower UA excretion. 
However, due to its serious side effects, the use of this agent 
is limited to patients with malignancies or in a high state of 
UA turnover (Table 57.2). 


57.3 Cystine 


57.3.1 Clinical Presentation 


Cystine stones may affect both pediatric and adult popula- 
tions, with over two-third of patients developing their first 
kidney stone within the first 2 decades of life.'”'* Occurrence 


Table 57.2 A comparison of various treatments 


in infancy and in the elderly is infrequent. This stone may 
affect the kidney; however, the presence of bladder stones 
in children is suggestive of the presence of cystine stones. 
Although cystine stones affect both genders, male subjects 
display a more severe course with significant kidney stone 
burden.'* More than half of cystinuric patients develop 
cystine stones during their lifetime. The course of this dis- 
ease is aggressive with a high recurrence rate of approxi- 
mately 60%, which usually leads to progressive renal 
function impairment.'’? Due to the high recurrence rate, 
these subjects are exposed to many invasive and noninva- 
sive interventions.*°”! 

The most common clinical manifestations include gross 
hematuria, renal colic with or without stone passage, urinary 
tract infections, and back pain.” Hypertension also occurs 
frequently in cystinuric patients. Additionally, there has been a 
report on the rare association between hemophilia, retinitis 
pigmentosa, muscular dystrophy, mongolism, and hereditary 
pancreatitis.“ The association between Wilson’s disease and 
Faconi syndrome has also been reported with cystinuria.* In 
addition, mental disorders have been reported in cystinuric 
patients; however, the association to amino acid transport 
defects has not been experimentally supported.” Other physi- 
ologic abnormalities, including hypercalciuria, hyperuricosu- 
ria, and hypocitrituria, have been seen in cystinuric 
populations.” These abnormalities may likely be responsible 
for the occurrence of mixed calcium and cystine stones.” 
Hyperuricemia and UA stones have been seen in association 
with cystine stones.” 


57.3.2 Diagnosis 


The presumptive diagnosis of cystinuria should initially be 
based on its unique clinical presentation. This may include 
the occurrence of kidney stones during early childhood 
associated with a positive family history of kidney stone 
disease, and its recurrent course. This important step must 
be followed by a microscopic qualitative evaluation of 
fresh, first-voided urine for the presence of flat-hexagonal 
cystine crystals (benzene ring). In order to increase the 


Urinary Urinary uric 
Treatment type Urine pH citrate acid 
Potassium alkali T i E 
Sodium alkali T T > 
Diamox® il y oe 
Allopurinol eS a L 


Undissociated Urinary RSR calcium Calcium 
uric acid calcium oxalate stones 

1 L S i 

L l T tT 

J T T T 

= e 3 L 


Î = Increased 
< = No change 
J = Decreased 


RSR = Relative supersaturation 
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yield, one may incubate and refrigerate the urine overnight 
with glacial acetic acid at a pH of 4.0 to avoid urinary alka- 
linity, which is known to dissolve cystine crystals. In some 
instances, a qualitative cyanide-nitroprusside test may be 
performed on the urine.” The appearance of a purple-red 
color is suggestive of cystine excretion in excess of 75 
mg/L. Although this test is sensitive, it is nonspecific, and 
the presence of homocystine and ketone in the urine may 
cause a false-positive result. At the present time, this test is 
not popular among practicing physicians. 

Stone analyses to establish the presence of cystine is also 
an important step to diagnosis in this population. Cystine 
stones on kidneys-ureter-bladder (KUB) radiologic exami- 
nation are typically radioopaque since the densities of sulfur 
and calcium are similar.” However, cystine stones are more 
rounded and homogenous in appearance. Occasionally, cys- 
tine stones are large and may attain a staghorn size. Other 
imaging techniques such as ultrasonography and CT exami- 
nation have been used for the acute diagnosis of obstructive 
cystine stones. 

The presumptive diagnosis should be followed by a quan- 
titative cystine measurement to concretely establish this 
diagnosis. Ion exchange chromatography can reliably detect 
and quantify even small amounts of various amino acids, 
including cystine, in the urine.’ Urinary cystine excretion 
exceeding 250 mg/g Cr usually indicates the diagnosis of 
homozygous cystinuria (Fig. 57.1). 


57.3.3 Physicochemistry of Cystine 


It is well known that cystine solubility is pH dependant’? 
and increases with urinary alkalinity. At a urinary pH of 7.0, 
the cystine solubility is 250 mg/L (1 mmol/L). This solubil- 
ity increases to 500 mg/L (2 mmol/L) at a pH of 7.5. 
Traditionally, the solubility curve described by Dent et al. is 
widely used in the estimation of urinary cystine saturation 
(Fig. 57.2). However, it has been shown that urinary cystine 
solubility is not as predictable. This is largely due to the 
complex urinary composition that is comprised of various 
electrolytes that are known to change the ionic strength of 
whole urine specimens.” Urinary supersaturation with 
respect to cystine is the measured determinant of cystine 
crystallization. To date, there is no reported specific pro- 
moter or inhibitor playing a role in this process. The solubil- 
ity limit of 250 mg/g Cr (1 mmol/L) is usually exceeded in 
homozygous cystinuric subjects who excrete between 600 
and 1,400 mg/day (2.5-5.8 mmol/day). Although mixed 
stones have also been reported in association with cystine 
stones,” cystine does not play any role in the heterogenous 
nucleation of calcium oxalate, brushite, or hydroxyapatite 
crystals.* 


Diagnosis of cystine stones 


Clinical presentation: 


Kidney stones during early childhood 
Positive family history 


Recurrent course 


Qualitative evaluation: 


Flat-hexagonal cystine crystals in urine 


Purple-red cyanide- nitroprocide test 
Stone analysis 


Quantitative analysis: 


e lon exchange chromatography 


e Cystine excretion exceeding 250 mg/g Cr 


Fig. 57.1 Diagnosis of cystine stones 


57.3.4 Treatment 


57.3.4.1 Lifestyle Modifications 


The treatment of cystine stones must be aimed at reducing 
urinary cystine concentration and lowering urinary cystine 
excretion. This goal may first be attained by increasing fluid 
intake, a conservative measure that targets lowering cystine 
concentrations. Decreased cystine excretion may also be 
attained through dietary protein restrictions, which lower 
substrates for cystine synthesis (Table 57.3). 

A high fluid intake plays a key role in the urinary under- 
saturation of cystine. This may be attained by drinking 3 L of 
fluid in children and 4-5 L of fluid in adults. Fluid intake 
should be homogenously distributed throughout the day, and 
the patient must be instructed to drink at bedtime in order to 
maintain consistent urinary dilution.” Almost all fluids are 
useful for this purpose. However, one should avoid drinking 
milk, which may increase urinary cystine excretion due to its 
high methionine content. Fruit juices are generally useful 
because they not only provide urinary dilution but also 
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increase urinary pH due to their alkali content. Usually, two 
glasses of orange juice increase urinary pH by 0.5 units.” 

A low protein diet has been recommended to lower uri- 
nary cystine excretion. This may be attained by restricting 
meat and meat products, which contain methionine, a princi- 
pal substrate responsible for cystine production.” One obsta- 
cle is that such dietary restrictions may be met with poor 


Assessment of urinary cystine solubility 
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Fig. 57.2 Assessment of urinary cystine solubility (Reprinted from 
Pak and Fuller”. With permission of Elsevier) 


Table 57.3 Treatment of cystine stones 
Mechanism of action 


Indication 


patient compliance in adult patients.” Moreover, restricted 
protein intake is not recommended in pediatric populations.” 
In addition, sodium intake may also affect urinary cystine 
excretion.” It has been shown that a decline in dietary sodium 
intake of 150 mEq/day may reduce urinary cystine by 156 
mg/day (650 mmol/day).** Salt restrictions are also useful in 
lowering the urinary cystine excretion in pediatric 
populations.” 


57.3.5 Specific Pharmacological Treatment 


57.3.5.1 Oral Alkali Treatment 


Following the original work by Dent et al., which reported 
that cystine solubility is pH dependant, oral alkali treatment 
has been widely used in the treatment of cystinuric subjects. 
However, due to cystine’s high pKa of 8.5, a large dose of 
alkali is necessary to achieve optimal solubility. The attain- 
ment of a urinary pH exceeding 7.5 is very difficult in clini- 
cal practice, mainly due to poor patient compliance to such 
high doses of alkali. More significantly, there is a risk of uri- 
nary monohydrogen phosphate saturation coupled with an 
increased risk of calcium phosphate stone formation.“ Due 
to these limitations, the main objective is maintaining a uri- 
nary pH between 6.5 and 7.0. Both sodium and potassium 
alkali have been shown to be equally effective in raising uri- 
nary pH. However, increasing sodium intake poses the risk 
of increasing urinary cystine excretion.” Therefore, the pre- 
ferred alkali treatment is potassium citrate. The starting dose 
for adults is 15-20 mEq twice a day, and the dosage must 
be incrementally adjusted to attain optimal urinary pH 
(Table 57.3). 


Side effects 


Treatment type 
Fluid 


Reduces urinary cystine 


All cystinuric (urinary cystine 


None 


Diet (low salt and low 
protein) 


Oral alkali 


First-generation 
chelating agents 
(D-penicillamine) 
Second-generation 


chelating agents 
(Thiola) 


Captopril 


Glutamine 


Ascorbic acid 


concentrations 


Limits substrate for cystine produc- 
tion and reduces cystine excretion 


Increases cystine solubility 


Thiol-disulfide exchange with cystine 


Thiol-disulfide exchange with cystine 


Thiol-disulfide exchange with cystine 


Reduces cystine excretion by 
competitive inhibition 


Reduction of cystine to cysteine 


>250 mg/day) 

Limited owing to poor dietary 
compliance 

All cystinuric (urinary cystine 

>250 mg/day) 

Severe cystinuria (>500 mg/day) and 
moderate cystinuria (250-500 mg/day) 
when fluid and alkali are ineffective 
Severe cystinuria (>500 mg/day) and 
moderate cystinuria (250-500 mg/day) 
when fluid and alkali are ineffective 
Controversial 


Controversial, may be useful with high 
sodium intake 


Adolescents and adults with 
homozygous cystinuria 


Reduces cystine solubility 
owing to solvent action 
Urinary pH >7.5 increases the 
risk of calcium phosphate stones 


Dermatologic, hematologic, 
and renal side effects 


Less frequent dermatologic, 
hematologic, and renal side 
effects 

Unproven effectiveness 

High sodium intake increases 
urinary cystine 

Increased risk of calcium 
oxalate stones 
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57.3.5.2 Chelating Agents 


Chelating agents such as D-penicillamine (di-methyl 
cysteine) and a(alpha)-mercaptopropionylglycine must be 
used in subjects who are nonresponsive to conservative man- 
agement or urinary alkalization and in those with severe 
cystinuria (>500 mg/day). Both of these agents are thiol 
derivatives, which cleave a single cystine molecule into two 
cysteine molecules to make a highly soluble disulfide com- 
pound consisting of the respective drug and cysteine mole- 
cules. Such a reaction lowers the excretion of sparingly 
soluble cystine." 

Originating approximately 4 decades ago, D-penicillamine 
was the first chelating agent found to lower urinary cystine 
excretion in complicated cystinuric subjects.” In 1977, it 
was further shown that new stone recurrence, stone passage, 
and stone growth were significantly lowered when 
D-penicillamine was added to a conservative treatment.” 
The results of these studies were later confirmed during the 
long-term follow-up of 62 cystinuric patients. During this 
follow-up, it was shown that chelating treatment with 
D-penicillamine significantly decreased stone episodes from 
1.2 episodes per patient per year before treatment to 0.22 
episodes per patient per year following the treatment’ 
(Table 57.3). 

Despite its clinical efficacy, D-penicillamine treatment is 
known to be accompanied by various dermatological 
(pemiphigus), hematologic (agranulocytosis, thrombocy- 
topenia), renal (nephritic syndrome), and rheumatological 
(polymyocitis) complications.“ The dosage of this medica- 
tion must be adjusted to reduce the urinary cystine concen- 
tration below its solubility limit (<250 mg/L). Generally, the 
dosage of approximately 1,000 mg/day reduces the urinary 
cystine excretion by 360 mg/day.” It has also been shown that 
each incremental dosage of 250 mg/day of D-penicillamine 
decreases urinary cystine by 75-100 mg/day.” The recom- 
mended dosage for children is 20-40 mg/kg/day.” This drug 
should preferably be administered in divided dosages before 
meals to allow for its optimal intestinal absorption. It has 
been suggested that cystine excretion is higher at night; 
therefore, it is preferable to administer one dose at bedtime.” 
In instances in which complications to the drug ensue, one 
may select an incremental dosage of this treatment over 
3-day intervals starting with a low dose of 10-20 mg/day 
with a gradual increase over a 1-month period until the opti- 
mal dosage is attained. Since a vitamin B6 deficiency may 
occur with D-penicillamine, vitamin B6 supplementation at 
the dosage of 50 mg/day is beneficial. 

Alpha(c)-mercaptopropionylglycine (Thiola®) is a useful 
substitute for D-penicillamine in the treatment of cystinuric 
patients. In various clinical studies, it has been shown that 
both drugs are equally effective in reducing kidney stone 
incidence. However, at the present time, o(alpha)-mercaptop 


ropionylglycine is the preferred drug among practicing 
physicians since it presents lower incidences of side 
effects. The mechanism of action of this drug is similar to 
that of D-penicillamine. Upon the oral administration of this 
drug, it has been shown that one-fourth of the administered 
dose appeared unchanged in the urine. Mediated by a 
thiol-disulfide exchange mechanism, this participates due to 
the interaction with cystine, which leads to lowered urinary 
cystine excretion. A previous long-term study has shown 
that Thiola is effective in causing stone remission and reduc- 
ing the individual stone formation rates in patients with and 
without prior D-penicillamine treatment. In patients with 
stone relapse on D-penicillamine, Thiola was shown to sig- 
nificantly decreased new stone formation by 71%, and 61.5% 
of the patients remained in remission. Side effects — including 
skin reactions, oral ulcers, and GI intolerance — were shown 
to be frequent with Thiola treatment. However, only 43% of 
cystinuric patients displayed multiple adverse reactions to 
this drug compared to a distinctly higher number of patients 
(67%) on D-penicillamine* (Table 57.3). 

Subsequently, two independent studies also supported 
these findings. One study in a total of 27 adult patients 
with cystine stones reported a significant decrease in 
stone episodes and urological procedures when thiol 
drugs (D-penicillamine and Thiola) were added to con- 
servative management, including hydration and alkali 
treatment.*° Moreover, a study conducted on 16 patients 
with cystinuria, who were followed for 7-141 months, 
showed the stone event per patient-year decreased signifi- 
cantly from 1.58 to 0.52 when D-penicillamine or Thiola 
was added to those patients who were nonresponsive to 
conservative management. This finding suggests a 65% 
decrease in yearly stone event rate during thiol treatment 
compared to conservative management.“ The recom- 
mended dosage for thiol treatment ranges between 400 
and 1,200 mg/day. 

As a third-generation cheating agent, bucillamine 
(Rimatil®) was assumed to be more effective in reducing uri- 
nary cystine excretion than D-penicillamine and c(alpha)- 
mercaptopropionylglycine due to its possession of dithiol 
components.” However, this effectiveness was not verified 
in phase-II clinical trials despite its initial success. In addi- 
tion, captopril (Capoten®) is an angiotensin-converting 
enzyme inhibitor, which is commonly used in the treatment 
of hypertension. This agent also possesses a thiol compo- 
nent, which has been suggested to form a thiol-cysteine 
mixed disulfide and reduces urinary cystine excretion.** In an 
initial report, a dose of 75-100 mg/day of captopril was 
shown to significantly reduce urinary cystine excretion.” 
However, the result of this study was not further verified by 
other investigators.*°° The lack of efficacy of captopril treat- 
ment was an expected finding considering that 2 mol capto- 
pril is required to bind 1 mol of cystine. Therefore, a sufficient 
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amount of captopril could not be safely administered to 
adequately lower urinary cystine excretion. 


57.3.6 Other Pharmacological Treatments 


Ascorbic acid has been suggested to be useful in the treat- 
ment of cystinuria and was first tested in a pediatric popula- 
tion.’ When used at high dosages, this agent is known to 
convert cystine to cysteine. The recommended doses are 3 g/ 
day for children and 5 g/day for adults.” The European 
Association of Urology recommends this treatment for 
patients with elevated urinary cystine excretion. However, it 
has been argued that the efficacy of this treatment is due to 
the provision of alkali from the effervescent ascorbic acid 
tablet containing bicarbonate.**** Additionally, excessive 
ascorbic acid ingestion may increase the risk of calcium 
oxalate stone formation since this acid is one of the major 
precursors of oxalate formation.*° 

When given to cystinuric patients, oral and intravenous 
glutamine were shown to lower urinary cystine excretion. 
This action was suggested to be a result of increased renal 
tubular cystine reabsorption or reduced renal tubular cystine 
secretion.” However, the result of this study also remained 
unverified by other investigators” and the efficacy of this 
drug remains unclear since its effectiveness is sustained by 
high sodium consumption* (Table 57.3). 


57.4 Conclusions 


Lifestyle modifications are important but not sufficient for the 
effective management of both recurrent UA and cystine stone 
formation. The primary abnormality responsible for UA stone 
formation is unduly acidic urine as a result of defective uri- 
nary ammonium excretion. Treatment with potassium alkali 
has been used successfully to correct this abnormality and 
lower stone incidence. The high recurrence and associated 
morbidity rates of cystine stones substantiate the use of phar- 
macological agents to lower urinary cystine excretion. Thiol 
compounds such as D-penicillamine and o(alpha)-mercapto- 
propionylglycine confe similar biological activity and are 
known to significantly lower stone incidence. However, due 
to serious side effects, patient compliance remains low with 
both of these agents. Future direction in the management of 
these conditions should be targeted at the development of 
novel therapeutic agents that correct the underlying pathophys- 
iologic and molecular genetic basis of these disorders. 
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Medical Management of Struvite Stones 


Tarik Esen and Tayfun Oktar 


Abstract Struvite stones, which have also been referred to as “infection stones,’ are 
commonly encountered and constitute a significant group. The presence of urinary tract infec- 
tion with a urease-producing organism is necessary for these stones to form. If left untreated, 
struvite calculi pose a significant risk to kidney and also to the patient’s life. For this reason, 
the mainstay of treatment is complete removal of stones. Medical management is also an 
essential part of the treatment, especially due to the increased risk of recurrence. The aim of 
this chapter is to review the medical management options for struvite stones. 


58.1 Introduction 


Struvite stone is the earliest type of stone afflicting humans. 
Because of their strong association with urinary tract infec- 
tions caused by urease positive bacteria, struvite calculi are 
also referred to as infection stones. These stones constitute a 
significant group in urolithiasis because of their tendency to 
cause serious morbidities, to lead to staghorn calculi as well 
as to pose treatment difficulties. 

The oldest struvite renal calculus has been found in a 
late Bronze Age burial mound in Hungary.' In 387 BCE, 
Hippocrates documented the association between urinary 
tract infection and urinary stone disease. Approximately 
2,000 years later, Marcet recognized the combination of 
phosphate calculi with alkaline, ammoniacal urine, and putre- 
faction.” In the early 1800s, Ulex, a Swedish geologist 
discovered magnesium ammonium phosphate in guano and 
named it “struvite” after his mentor, HCG von Struve, a 
Russian diplomat and naturalist.’ In 1901, the theory of bacte- 
rial splitting of urea as a promoter of stone formation was first 
proposed by Brown, in a study of six patients’ stone analysis, 
who all suffered from urinary tract infections with Proteus 
vulgaris.’ This was a significant contribution to the under- 
standing of the origin of infection stones. In 1925, Hager and 
Magath suggested that a bacterial enzyme hydrolyzed urea, 
and Sumner isolated urease from Canavalia ensiformis.° 
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58.2 Pathogenesis 


Struvite stones are composed of magnesium ammonium 
phosphate (MgNH,PO,.6H,O) and varying amounts of car- 
bonate apatite (Ca, [PO,],CO,).° Normal urine is undersatu- 
rated with ammonium phosphate. An alkaline urinary 
environment with pH greater than 7.2 and the presence of 
ammonia are required for struvite stone formation.°’ In the 
presence of urinary tract infection with urease-producing 
bacteria, ammonia production is elevated and urinary pH is 
increased, which lead to struvite stone formation. Urea is 
first hydrolyzed to ammonia and carbon dioxide in the pres- 
ence of bacterial urease through the following reaction®’: 


NH, ), CO+H,O > 2NH, + CO 
2h 2 3 2 


These products alkalinize the urine (pH > 7.2) and this favors 
the formation of ammonium; 


NH, + H,O > NH + OH- 


In the presence of urease, ammonia continues to be produced 
despite alkaline urine, further increasing urinary pH.’ The 
alkaline environment leads to the formation of carbonic acid, 
which then dissociates into HCO, and H. Further dissocia- 
tion of HCO, yields carbonate and two hydrogen ions: 


CO, + H,O > H,CO, 
H,CO, > H* + HCO; 
HCO; > H* + COŻ 
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Under alkaline conditions, the dissociation of hydrogen Table 58.1 Organisms that may produce urease (Adapted from 


phosphate provides phosphate, and this completes the gen- Gleeson et al."" and Wong HY et al.’) 
eration of constituent ions for infection stone formation: 


H,PO; > H* + HPO? 
HPO; > H* + PO; 


These chemical processes, with the presence of magnesium, 
lead to the formation of struvite precipitation.’ 

Urinary supersaturation of the ions comprising struvite 
stones leads to particle formation. Subsequently, particles 
grow into crystals. Crystallization may occur both intra and 
peribacterially.° Crystals growing peribacterially may form a 
phosphate cover on the bacteria, and bacteria enclosed within 
the stone may lead to recurrent infections.* Consequently, 
crystals aggregate to larger crystals and then full-sized stones 
form if retained in the urinary tract. 

The ammonium produced by the bacteria induces damage 
to the protective urothelial glycosaminoglycan (GAG) layer.* 
The ammonium has an affinity for the charged sulfate groups 
of the glycosaminoglycan layer. Thus, hydrophilic activity of 
the GAGs is altered and adhesion of struvite crystals to the 
urothelium enhances.’ Crystal adhesion with supersaturation 
may lead to rapid development of large stones. Formation of 
an exopolysaccharide biofilm is also a pathologic factor for 
stone growth. ° 


58.3 Bacteriology 


The members of the Enterobacteriaceae comprise the major- 
ity of urease-producing pathogens (Table 58.1).*>!! The most 
common causative organism is Proteus mirabilis.” These 
bacteria use urease to meet their nitrogen requirement. 
Klebsiella, Pseudomonas, and Staphyloccus species are the 
other important urease-producing organisms.” The most 
common uropathogen, E. coli, only rarely produces urease.° 
Ureaplasma urealyticum has an obligate growth requirement 
for urea and may be a causative factor for struvite stones.’ 
The urease is plasmid encoded and may be transmitted from 
one organism to another. The Urea-Rapid test, a urea-indol 
medium from Bio-Merieux, can be used to detect bacterial 
urease.° 


58.4 Epidemiology - Clinical Manifestations 


Struvite calculi account for 10-15% of all urinary calculi. > 
They occur more commonly in women than in men, in a ratio 
of 2:1.'° 


Organisms 


Bacteria 


Gram-negative 


Gram-positive 


Mycoplasma 


Yeast 


Usually (>90% of 
isolates) 


Proteus mirabilis 


Proteus morgagnii 
Proteus rettgeri 


Providencia stuartii 


Haemophilus 
influenzae 


Bordetella pertussis 


Bacteroides 
corrodens 


Yersinia 
enterocolitica 


Brucella spp 
Flavobacterium spp 
Corynebacterium 
hofmanii 
Corynebacterium ovis 


Corynebacterium 
renale 


Corynebacterium 
ulcerans 


Micrococcus varions 


Staphylococcus 
aureus 


T-strain mycoplasma 


Ureaplasma 
urealyticum 


Candida humicola 
Cryptococcus 
Sporobolmyces 
Rhodotorula 


Trichosporon 
cutaneum 


Occasionally 
(5-30% of 
isolates) 


Klebsiella 
pneumoniae 


Klebsiella oxytoca 
Serratia marcescens 


Haemophilus 
parainfluenza 


Bordetella 
bronchiseptica 
Aeromonas 
hydrophilia 
Pseudomonas 
aeruginosa 


Pasteurella spp 


Staphylococcus 
epidermidis 
Bacillus spp 


Corynebacterium 
murium 


Corynebacterium 
equi 

Peptococcus 
asaccharolyticus 


Clostridium tetani 


Mycobacterium 
rhodochrous group 


Patients with recurrent or persistent urinary tract infection 


(UTD are predisposed to struvite calculi. The risk factors 
include urinary tract obstruction, chronic indwelling cathe- 
ter, urinary diversion, and neurogenic bladder dysfunction.° 
These stones afflict 8% of spinal cord—injured patients and 
4.7-30% of patients with ileal conduit.*'~'* Children with 
congenital urinary tract malformations and premature infants 
are also at risk for infection stones. In addition, as the num- 
ber of UTIs correlates with age, elderly men and women are 
prone to struvite stones." 
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The clinical presentation is usually more insidious. The 
typical renal colic may not be observed, and patients may 
present with recurrent urinary tract infection, hematuria, 
vague abdominal pain, fever, and even with urosepsis. Acute 
pyonephrosis with perirenal abscess formation and xan- 
thogranulomatous pyelonephritis may occasionally occur.* 
An alkaline urine (pH 7.1) is detected on urine analysis, and 
magnesium ammonium phosphate crystals are frequently 
observed. 

Mostly, these stones are detected on abdominal plain films 
as they are radiopaque. However, poorly mineralized stones 
may be faintly radiopaque or even radiolucent. Computed 
tomography (CT) investigation of the staghorn stone may be 
useful before surgical treatment, and renal scintigraphy may 
be warranted in chronically obstructed kidneys. The average 
absolute CT values for struvite stones range from 651 to 944 
hounsfield units between different series.”°7! 


58.5 Medical Management 


The goal of medical management in patients with struvite 
stones is generally to maximize the effects of other therapies 
and to prevent stone recurrence. Dissolution therapy may be 
an alternative for selected patients who are poor candidates 
for other surgical treatment options. Medical management 
options include dissolution therapy, urease inhibitors, uri- 
nary acidification, antibiotics, and dietary modifications. 


58.5.1 Dissolution Therapy (Chemolysis) 


The dissolution of calculi with lavage chemolysis is a part 
of medical management of struvite stones. The use of 
chemolysis or dissolution therapy has dated back to the 
1930s. Hellstrom and Albright reported their initial experi- 
ence with combination of antiseptics and acidifying 
agents.”™” In 1943, the first application of direct chemolysis 
to struvite calculi was described by Suby and Albright.” 
This initial solution was too irritating to the epithelium. For 
this reason, the solution was modified to Suby’s G solution 
by addition of magnesium in order to reduce mucosal irrita- 
bility. In 1959, Mulvaney reported their experience with a 
new solvent: 10% hemiacidrin (renacidin).*> This solution 
is similar in composition to Suby’s G but contains addi- 
tional magnesium salts and D-gluconic acid. Acids provide 
hydrogen ions and citrate to form soluble complexes with 
phosphate and calcium from the stone. The clinical effec- 
tiveness of these solutions is dependent on their acidic pH 
because the solubility of struvite is markedly increased at 
pH below 5.5. 


Early studies reported severe complications including 
sepsis, electrolyte abnormalities, and even death. In response 
to these reports, the US Food and Drug Administration 
(FDA) withdrew approval for the use of hemiacidrin above 
the bladder. However, the detailed investigation of these 
complications by Nemoy and Stamey concluded that the 
deaths were likely caused by urosepsis rather than the irriga- 
tion solution.” So, the treatment is contraindicated in the 
presence of urinary tract infection. 

There are several precautions recommended when chemo- 
lysis is planned. These are maintenance of sterile urine, 
unobstructed inflow and outflow, maintenance of intrapelvic 
pressure below 25 cm H,O, absence of extravasation, and 
monitoring of serum magnesium levels.*”’ Hypermagnesium 
should be avoided due to potentially fatal complication.” 
This treatment should not be used during the immediate 
postoperative period and should only be applied when the 
renal tract has completely healed following surgery due to 
the risk of absorption of magnesium.” Broad-spectrum anti- 
biotics should be started before the treatment, continued dur- 
ing, and after completion of chemolysis for a period of 10 
days.* Frequent (every 24—48 h) surveillance cultures should 
be obtained throughout therapy. 

The procedure can be performed through a nephrostomy 
tube that is left in place during surgery or after insertion of a 
nephrostomy catheter if no operation is performed. The ideal 
system includes a dual nephrostomy tube (inflow and out- 
flow) together with a ureteral catheter securing unobstructed 
passage of fragments. !° 

Several investigators reported the results of direct dis- 
solution of struvite calculi, whereas others used dissolu- 
tion as an adjuvant to residual fragments after a debulking 
procedure. Prophylactic irrigation has also been used in 
the absence of residual calculi. Although there was signifi- 
cant variability of methodology, technique of stone irriga- 
tion, and adjunctive procedures, overall, the success of 
adjuvant therapy (77%) was found to be slightly more suc- 
cessful than primary chemolysis (68%).'**°* In a recent 
study of 118 patients with staghorn stones, Tiselius et al. 
reported a stone-free rate of 60% with combined shock 
wave lithotripsy (SWL) and percutaneous chemolysis with 
hemiacidrin.** Although a low complication rate was 
reported, the patients required a long hospital stay, with a 
mean of 32 days. Therefore, the authors advocated this 
treatment for high-risk patients and for those patients in 
whom other procedures are impossible. The major advan- 
tage of this procedure is that it can be carried out without 
anesthesia; therefore, it may be an option for high-risk 
patients. Today, the introduction of modern endourologi- 
cal techniques and extracorporeal shock wave lithotripsy 
(ESWL) limited the applications of chemolysis to treat 
selected cases with residual stone fragments and to 
decrease stone recurrence. 
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58.5.2 Urease Inhibitors 


Since struvite stones form in the presence of urease, inhibi- 
tion of this enzyme retards the growth of existing stones and 
probably helps to prevent the formation of new stones. 
Acetohydroxamic acid (AHA) is an approved urease inhibi- 
tor designed to inhibit struvite stone formation. It was first 
identified in 1964 and causes an irreversible inhibition of the 
enzyme urease.” It is easily absorbed from the gastrointesti- 
nal tract and reaches peak plasma levels after 1 h. The half- 
life is 3.5-10 h in normal subjects.” It has high renal 
clearance and has the ability to penetrate the bacterial cell 
wall. AHA also works synergistically with several antibiot- 
ics, facilitating the sterilization of urine. The initial trial con- 
sists of 250 mg twice daily and if this is tolerated, the dosage 
is then increased to 250 mg three times daily.’ In three dou- 
ble-blind, placebo-controlled trials, a significant reduction in 
stone growth was detected with AHA treatment compared to 
placebo.***’ In a double-blind, placebo-controlled clinical 
trial of acetohydroxamic acid in 210 male spinal cord—injured 
patients with chronic urea-splitting urinary infection, Griffith 
and colleagues reported that the acetohydroxamic acid 
patients with stones had decreases in urinary ammonia while 
the placebo patients had increases in ammonia.” Also, 
patients with stones treated with acetohydroxamic acid were 
found to exhibit significantly longer intervals from random- 
ization to first stone growth than patients treated with pla- 
cebo (p < 0.005, medians 15 versus 9 months) and AHA 
reduced significantly the proportion of patients with stone 
growth at 12 months (33% versus 60%, p equals 0.017). 
However, this decrease was diminished at 24 months (42% 
versus 60%, p equals 0.260) in the same study. In a random- 
ized double-blind study, Williams and colleagues compared 
18 patients who received acetohydroxamic acid with 19 
patients who received placebo.” No patient who received 
acetohydroxamic acid had a doubling of stone size whereas 
seven patients showed a 100% increase in the two-dimen- 
sional surface area of their stones. Similarly, in a prospective 
study of 94 patients with chronic urinary infection, Griffith 
and colleagues reported a stone growth in 17% of the AHA 
group and in 46% of the placebo group (p < 0.005).*’ 
However, a major disadvantage of AHA treatment is that 
20-30% of patients were unable to tolerate AHA because of 
side effects.” The side effects include gastrointestinal upset, 
neurological symptoms such as headache, tremulousness, 
loss of taste, anxiety, hallucinations, deep vein thrombosis, 
and hemolytic anemia.*'’ These effects were shown to 
reverse on termination of AHA therapy. The administration 
of AHA is contraindicated in patients with severe renal insuf- 
ficiency (serum creatinine > 2.5 mg/dL, creatinine clearance 
< 20 mL/min) because the risk of toxicity increases and the 
effectiveness of the AHA decreases." 


In general, urease-inhibiting drugs should be considered 
palliative rather than therapeutic and due to the side effects, 
its clinical use remains limited. 


58.5.3 Acidification 


Struvite stone cannot form in a urinary pH of less than 7.19 
or in the absence of ammonia because alkaline urine is 
required for supersaturation of struvite and carbonate. 
Therefore, urinary acidification increases the solubility of 
struvite and carbonate. Additionally, antibiotic efficacy is 
improved in an acidic environment, increasing the antimi- 
crobial success. Several oral agents to acidify urine have 
been studied. Ascorbic acid and ammonium chloride have 
not succeeded for long-term urinary acidification.” Oral 
L-methionine has been studied for acidification. It is metabo- 
lized in the liver via L-cysteine to sulfate and hydrogens. 
A reduction in the urinary pH to values of 6.0—6.2 was observed 
over an 8-h period after a single dose of 1,500-mg 
L-methionine.** Jarrar and colleagues observed 19 active 
struvite stone formers on L-methionine therapy over a period 
of 10 years.” In these patients, urine was acidified with 
L-methionine (Acimethin) using a dose of three to six tablets 
500 mg/day. During therapy, the mean pH values decreased 
significantly from 7.5 to 5.5. Recurrent stones were detected 
in only 10% of cases (two patients). Jacobs and colleagues 
demonstrated in vitro that the dissolution rate of struvite 
stones in artificial urine rose with a decreasing pH-value.*° 
They reported that the diminution of the pH-value from 6.5 
to 5.75 led to an increase of the dissolution rate of more 
than 35% and stated that the intake of 1,500-3,000 mg 
L-methionine may lead to a sufficient acidification for a good 
dissolution of struvite stones. 


58.5.4 Antimicrobials 


The goal of antimicrobial treatment is to eradicate infection, 
thus eliminating the formation and potential growth of stru- 
vite calculi by destruction of urease-producing bacteria. It is 
warranted in virtually all patients with struvite calculi. 
Culture-specific antimicrobials are the drugs of choice and 
may decrease the frequency and magnitude of urinary tract 
infections. Griffith and Osborne have shown that a reduction 
of bacterial colony from 107 to 10° decreases the urease pro- 
duction by 99%.” Although antibiotics may suppress bacte- 
riuria, in the presence of remnant fragments, their effectiveness 
in eliminating infection is compromised. For this reason, 
long-term antibiotics are not recommended as monotherapy 


58 Medical Management of Struvite Stones 


685 


for patients with infection stones. Rather, they should be 
used to prevent stone recurrences or growth after operative 
procedures as an adjunct to therapy. The duration of therapy 
may vary according to different treatment protocols. In gen- 
eral, an antimicrobial course for up to 3 months may be an 
option and if urine sterility is maintained, antibiotics are dis- 
continued.* Urine cultures should be routinely collected at 
each follow-up visit for 1 year. 


58.5.5 Diet 


Dietary manipulation has been proposed to limit the amount 
of substrate for struvite stone formation. The goal of this 
approach was to reduce urinary phosphate, magnesium, and 
ammonia. In 1945, Shorr recommended a low-phosphorus, 
low-calcium diet supplemented with aluminum hydroxide 
gel.*! Aluminum hydroxide binds with phosphate in the gut 
to form insoluble aluminum phosphate; therefore, urinary 
phosphate levels decrease. This regimen resulted in partial or 
complete dissolution in 23% of patients in their series.” 
However, prolonged use of aluminum hydroxide prepara- 
tions carries a significant risk of calcium abnormalities 
(hypercalciuria) and possible aluminum toxicity. For this 
reason, its use has been limited. In general, the avoidance of 
foods and vitamin supplements high in phosphorus and mag- 
nesium may be recommended.* 


58.6 Conclusions 


Struvite stones are best managed by complete clearance 
of all infected stone materials. Medical treatment is adjunc- 
tive in nature, and is mainly used for prevention of 
recurrence. Culture-specific antibiotics, urease inhibitors, 
chemolytic dissolution, and urinary acidification are medi- 
cal treatment options. Potential significant side effects are 
of clinical concern. 
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Dietary Assessment and Advice 


Roswitha Siener and Albrecht Hesse 


Abstract Among the prerenal risk factors of stone disease, diet plays an important role. 
Various interventional studies have provided evidence that appropriate dietary modifications 
can reduce the risk of stone formation and recurrence rate. Individualized dietary recommen- 
dations should be offered to patients according to their stone type, specific metabolic, and 
dietary risk profile. The reduction of overweight, risk-adapted dietary modifications based on 
a comprehensive dietary assessment as well as appropriate changes in lifestyle are the basis 
of a successful metaphylaxis in urinary stone disease. 


59.1 Introduction 


Stone recurrence rates may be as high as 30-50% after 5 years 
without intervention.' Unfavorable nutritional patterns are 
considered to be important risk factors for stone formation. 
Various interventional studies have provided evidence that 
appropriate dietary modifications can reduce the risk of stone 
formation and recurrence rates.*> To prevent stone recur- 
rence, dietary recommendations should be tailored based on 
stone type, dietary assessment, and metabolic risk profile. As 
the stone composition has significant therapeutic importance 
in the evaluation of the stone-forming patient, all urinary 
stones should be analyzed for composition.® 


59.2 Dietary Assessment 


The assessment of dietary habits is part of the basic evalua- 
tion program and, next to stone history, the most important 
basis for the prevention of stone recurrences. Specific dietary 
assessment provides fundamental information for the evalu- 
ation of nutritional risk factors for urinary stone formation. 
Effective dietary recommendations depend on accurate 
assessments of habitual intakes of food and nutrients in stone 
formers. 
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e-mail: roswitha.siener@ukb.uni-bonn.de 


P.N. Rao et al. (eds.), Urinary Tract Stone Disease, 


A dietary assessment is a comprehensive evaluation of the 
food intake of the stone-forming patient. It is one of four parts 
of a nutritional assessment in a clinical setting. The four 
parameters of assessment include: (1) an assessment of anthro- 
pometric data, e.g., height, weight, body mass index, waist 
circumference; (2) dietary assessment, which includes retro- 
spective and prospective methods; (3) a physical examination 
with a medical history; and (4) metabolic examination. 

Two main categories of methods are employed in diet 
assessment.’ The first is retrospective and the most usual of 
these are 24-h recall, diet history, food frequency question- 
naire, and diet inventory. The advantages of retrospective 
methods of dietary assessment are that they are quick, cheap, 
and make limited demands on subjects. The major problem 
of these methods is largely inaccurate memory, and this can 
only be overcome by using a prospective methodology. 

The two main prospective methods that are commonly 
employed are weighed food inventory and estimated food 
inventory. Seven-day weighed dietary records are currently 
accepted as the most accurate technique for assessing habit- 
ual dietary intake. However, errors in estimating food intake 
may occur, arising from inexact application of the seven-day 
weighed intake technique. The technique should therefore be 
applied by trained personnel. With estimated inventory, foods 
are unweighed but portion sizes are estimated with reference 
to food photos, models, or by replicating descriptions of 
portions and weighing. Again, patients need training on 
recording, and records must be checked by a dietitian for leg- 
ibility, completeness, and missing entries. If nutrient intake 
is of interest, then foods have to be coded for computer anal- 
ysis and analyzed using an appropriate computer program, 
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e.g., PRODI. An interventional trial in calcium oxalate stone 
formers has demonstrated that the described procedure is 
useful in the assessment of dietary habits of stone patients in 
both clinical practice and scientific evaluation." 

An additional effect of weighing and recording food 
intake is that many patients find that the exercise itself is a 
stimulus to change eating habits. The use of food records 
reveals unhealthy eating habits to the stone former and 
increases the motivation and compliance of patients to adhere 
to dietary modifications. 

Providing nutrition education and counseling to stone 
patients of different ages and from different backgrounds 
requires a good understanding of diet quality and eating 
behaviors, and profound knowledge of dietary risk factors 
for urinary stone disease and management of diet-related dis- 
eases associated with urolithiasis. Individualized dietary rec- 
ommendations should be offered to patients according to 
their metabolic and dietary risk profile. Dietitians are trained 
to do this and should therefore be involved in the nutrition 
education and counseling of the patient. 

The primary goal of metaphylaxis of urinary stone dis- 
ease is the correction of individual biochemical risk profile. 
A reduction in the risk of stone formation and recurrence rate 
can already be achieved by appropriate dietary treatment. 


59.3 General Dietary Metaphylaxis 


General dietary metaphylaxis is suitable as basic treatment 
for all stone patients irrespective of stone composition. The 
general dietary metaphylactic measures specified in 
Table 59.1 aim at normalization of the dietary habits and life- 
style factors that are known to be important risk factors for 
urinary stone formation. General metaphylactic measures 
are the reduction of overweight, the consumption of a bal- 
anced diet according to the recommendations for stone 
patients, and a sufficient circadian fluid intake accomplished 
with neutral beverages. Any excess should be avoided includ- 
ing an excessive intake of energy. Moreover, sufficient physi- 
cal activity is recommended as a general metaphylactic 
measure for stone formers. 

A balanced diet should be composed of a selection of var- 
ied, healthy, and natural foodstuffs.* A variety of vegetables, 
salads, fruits, and whole-grain cereals should be part of the 
daily diet. Fresh or frozen products without additional sauce 
should be preferred instead of canned foods. The intake of 
meat, fish, and poultry should be limited. Low-fat meat and 
dairy products (i.e., milk, yoghurt, and cheese) should be 
chosen. The intake of products with a high content of sugar 
or salt should be avoided. Fat from vegetable sources (i.e., 
plant oils) should be preferred. In addition to general meta- 
phylactic measures, specific dietary recommendations should 


Table 59.1 General dietary metaphylaxis of stone disease 


Body weight e Reduction of overweight 
e Avoid fasting or high-protein weight-loss diets; 
e.g., Atkins diet 
e Sufficient physical activity 


Fluid intake e Urine volume: at least 2.0 L/24 h 
e Specific weight of urine <1.010 
e Neutral beverages 
e Circadian drinking 


Balanced diet e Consume a variety of nutrient-dense foods 

from all food groups 

e Meet recommended nutrient intakes within 
energy needs by adopting a balanced eating 
pattern 

e Consume a variety of vegetables, salads, fruits, 
and whole-grain products each day 

e Limit intake of meat, fish, and poultry 

e Select lean meat, meat products, milk or dairy 
products 

e 0.8 g protein/kg body weight/day 

e Consume about 1,000-1,200 mg calcium daily 

e Limit sodium chloride intake to no more than 
6 g/day 

e Limit intake of fats and oils high in saturated 
fatty acids, and choose fats coming from 
sources of polyunsaturated and monounsatu- 
rated fatty acids, such as vegetable oils 

e Choose and prepare foods and beverages 
without added sugars 


be followed if stone composition is known or particular 
abnormalities have been discovered. 


59.4 General Recommendations for 
Fluid Intake 


A sufficient circadian fluid intake accomplished by suitable 
beverages is one of the most effective dietary measures irre- 
spective of stone composition or the cause of stone forma- 
tion. An adequate urine dilution is an important goal to avoid 
urinary supersaturation with lithogenic substances and to 
reduce the risk for stone formation. Findings from observa- 
tional and interventional studies support evidence that high 
fluid intake to assure a consistent urine volume of at least 
2 L/24 h is the initial therapy for the prevention of stone 
recurrences.” !? Depending on the environmental tempera- 
ture and the degree of physical activity, it is usually neces- 
sary to drink 22 L/day to achieve this urine flow. 

The stone patient must learn to drink. Therefore, dietary 
treatment should start with a comparison between the daily 
fluid intake and 24-h urine volume and density. The fluid intake 
should be evenly distributed over the day. It is particularly 
important to drink before going to bed at night to avoid urine 
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concentration during the sleeping period. Patients with severe 
stone disease should be encouraged to have nocturia at least 
once per night. Patients exposed to chronic dehydration — 
caused by hot and/or dry environments, extensive physical 
activity, or diarrhea — are recommended to replace extrarenal 
fluid losses. 

The type of beverage should be selected cautiously. When 
the stone composition is unknown, the preferred bever- 
ages should be urine neutral. Neutral beverages — fluids that 
dilute urine without affecting its composition — include tap 
water, mineral water with a low mineral content, fruit and 
herbal teas (Table 59.2). Less suitable beverages are coffee”? 
and black or green tea.'* All types of alcoholic beverages 
including beer, as well as soft drinks, including cola, are 
unsuitable for stone-forming patients.'*'° Alkalizing bever- 
ages — fluids that additionally increase urinary pH and citrate 
excretion — are bicarbonate-rich mineral water and citrus 
juices (i.e., orange and lemon juices). Neutral and alkal- 
izing beverages are suitable for metaphylactic treatment of 
the majority of urinary stones, i.e., calcium oxalate, uric acid, 
and cystine. Urinary acidification, for example in calcium 
phosphate and infection stone disease, can be achieved with 
acidifying beverages. Suitable beverages are cranberry juice 
and mineral water rich in sulfate and low in bicarbonate and 


Table 59.2 General recommendations for fluid intake 


General measures 

e Urine volume: at least 2.0 L/24h 

e Specific weight of urine <1.010 

e Fluid intake should be evenly distributed over the day 

° Drink before going to bed and drink again before each voiding 


e Avoid dehydration by sauna, sunbathing, excessive exercise, use 
of laxatives 


e Adjust fluid intake to ambient temperature and physical activity 
Neutral beverages 


e Mineral water with a low content of bicarbonate, calcium, and 
sulfate 


e Tap water (cave: pay attention to sterility of drinking water) 
e Herbal tea, fruit tea, kidney tea, bladder tea 

Unsuitable beverages 

e Caffeinated coffee, black tea, green tea (max. 0.5 L/day), 

e Soft drinks, including sugar-sweetened cola 

e Alcoholic beverages, including beer 

Alkalizing beverages 


e Mineral water with a high bicarbonate content and a low-calcium 
content (at least 1,500 mg HCO,,-/L, max. 150 mg calcium/L) 


e Citrus juices (diluted with water) 
Acidifying beverages 


e Mineral water with a low bicarbonate and calcium content and a 
high sulfate content (max. 350 mg HCO,-/L, max. 150 mg Ca/L, 
at least 400 mg SO,7/L) 


e Cranberry juice (diluted with water) 


calcium.” It should be emphasized that fruit juices have a 
considerable content of energy and should be diluted before 
ingestion. 


59.5 Calcium Oxalate Stone Disease 


Specific metaphylactic measures for calcium oxalate stone 
formers should be directed toward any abnormalities that 
have been recorded in urine composition in order to reduce 
the risk of recurrent stone formation. Risk factors for cal- 
cium oxalate stone formation include hyperoxaluria, hyper- 
calciuria, hyperuricosuria, a reduced urinary excretion of 
inhibitors magnesium and citrate, and a low urine volume 
(Table 59.3). 


59.5.1 Hyperoxaluria 


Hyperoxaluria is a primary risk factor for calcium oxalate 
stone formation. An elevated oxalate excretion can result 
from an increased dietary intake, an increased intestinal 
absorption of oxalate from the diet, or an increased endoge- 
nous production of oxalate from ingested or metabolically 
generated precursors. It has been suggested that up to 50% of 
the urinary oxalate is derived from the diet.” Some foodstuffs, 


Table 59.3 Dietary recommendations for calcium oxalate stone 
patients 


Risk factor 


Dietary recommendations 


Low urine volume e Fluid intake at least 2.5 L/day 


e Alkalizing and neutral beverages 


Hypercalciuria e 1,000-1,200 mg calcium/day 
e 0.8 g protein/kg body weight/day; 
50% of protein intake from vegetable 
origin 
e Max. 6 g sodium chloride/day 
Hyperoxaluria e Avoidance of oxalate-rich foodstuffs 
e Adaptation of dietary calcium intake 
e Magnesium administration 


Hyperuricosuria e Restriction of purine intake 
e Avoidance of fructose-sweetened 
foods and soft drinks 
e Avoidance of alcoholic beverages, 
especially beer 


Hypocitraturia e 0.8 g protein/kg body weight/day; 

50% of protein intake from vegetable 

origin 

e Fruits and vegetables (cave: 
oxalate-rich foods) 


Hypomagnesuria e Fruits, vegetables, and cereals (cave: 


oxalate-rich foods) 
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particularly vegetables and cereals, contain high amounts of 
oxalic acid, for example spinach, rhubarb, sorrel, and wheat 
bran.'**4 The consumption of small amounts of these food- 
stuffs can significantly increase urinary oxalate excretion 
already in healthy individuals without disturbances in oxalate 
metabolism. '*” Moreover, an increased absorption of oxalate 
has been demonstrated in 46% of patients with calcium 
oxalate stone disease.”° 


59.5.2 Hypercalciuria 


Hypercalciuria is a common identifiable abnormality in 
patients with calcium oxalate stone disease. Findings from 
studies revealed an elevated urinary calcium excretion as an 
independent risk factor for relapse in patients undergoing pre- 
ventive treatment.’?’”* Patients should strive to meet the rec- 
ommended daily intake for calcium, which ranges from 1,000 
to 1,200 mg/day. A balanced diet without dairy products con- 
tains about 500 mg/day of calcium. The remaining calcium 
supply of 500-700 mg/day should be fulfilled with milk or 
dairy products, which are the most important calcium-con- 
taining foodstuffs. A restriction of dietary calcium can cause 
a negative calcium balance, leading to osteopenia in the long 
term. Moreover, a reduction in dietary calcium increases 
intestinal absorption and urinary excretion of oxalate.” 

Other nutritional factors known to increase urinary calcium 
excretion by different mechanisms are an increased dietary 
protein and sodium intake.*°” The increase in urinary calcium 
excretion and the decrease in urinary pH and citrate excretion 
with increasing protein intake are mainly attributed to the 
acidifying effect of phosphoproteins and sulfur-containing 
amino acids (methionine, cystine) that are in a higher propor- 
tion in animal than in vegetable protein. Moreover, a high 
ingestion of sodium may promote urinary calcium excretion.*” 
A randomized prospective trial showed that a low-calcium 
diet, accomplished by abolishing milk and dairy products, is 
less efficacious in the prevention of stone recurrences in cal- 
cium oxalate stone patients with hypercalciuria than a diet 
with a normal calcium but low salt and animal protein con- 
tent.’ Increasing buffering capacity by increasing fruit and 
vegetable intake with a balanced diet counteracts the acidity 
generated by the dietary protein, reduces calciuria, and conse- 
quently improves calcium balance.” 


59.5.3 Hyperuricosuria 


Hyperuricosuria may promote calcium oxalate stone formation 
probably through its inhibitory action on glycosaminoglycans, 
inhibitors of calcium oxalate stone crystallization. A high 


dietary purine intake is associated with an enhanced endoge- 
nous production and urinary excretion of uric acid. Patients 
should therefore restrict the intake of foodstuffs rich in purine 
(see Sect. 59.6). 


59.5.4 Hypocitraturia and Hypomagnesuria 


Hypocitraturia and hypomagnesuria are two important risk 
factors for calcium oxalate stone formation. Urinary citrate 
inhibits calcium stone formation by forming a soluble com- 
plex with calcium and by effects on nucleation, agglomera- 
tion, and crystal growth. Magnesium is suggested to reduce 
oxalate absorption and urinary excretion nearly as effectively 
as calcium by binding oxalate in the intestine.’ A rise in the 
intake of fruits and vegetables is associated with an increase 
in urinary pH, magnesium, and citrate excretion.***>*° The 
favorable changes in urinary risk profile associated with the 
supplementation of vegetables and fruits are likely due to 
their high content in potassium, magnesium, bicarbonate, 
and citrate and their low sulfate content. 

In addition to the general recommendations for fluid 
intake, neutral and alkalizing beverages should be recom- 
mended (Table 59.2). 


59.6 Uric Acid Stone Disease 


Hyperuricosuria, acidic urinary pH levels (<pH 6.0), and a 
low urine volume promote uric acid stone formation. Hyper- 
uricemia may be present, but is not mandatory related with 
stone formation.” Uric acid is the end product of purine 
metabolism and is derived from dietary sources, de novo 
synthesis, and tissue catabolism. 


59.6.1 Hyperuricosuria 


The most common etiological factor for hyperuricosuria is 
the overconsumption of dietary purines. Because urinary 
uric acid excretion strongly depends on the daily dietary 
purine intake, uric acid stone patients should be placed on a 
low-purine diet (max. 500 mg uric acid/day) (Table 59.4). 
Dietary purines are present in foodstuffs either of animal or 
vegetable origin. Purine-rich foods are mainly meat and meat 
products, innards, fish, and seafood. Foodstuffs from vegeta- 
ble sources usually have lower purine contents than foods 
from animal sources. Among vegetable foods, legumes, 
including soy products, beans and peas, contain considerable 
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Table 59.4 Dietary recommendations for uric acid stone patients 
Risk factor 


Dietary recommendations 


Low urine volume e Fluid intake at least 2.5 L/day 
e Alkalizing and neutral beverages 


Hyperuricosuria e Ovo-lacto-vegetarian diet 

e Reduction of purine intake 

e Restriction of meat, meat products, 
poultry, and fish to max. 4 meals/week 

e Avoidance of innards, seafood, skin 
from fish, poultry, and roast pork 

e Avoidance of fructose-sweetened foods 
and soft drinks 

e Avoidance of alcoholic beverages, 
especially beer 


Low urinary pH e 0.8 g protein/kg body weight/day; 
50% of protein intake from vegetable 
origin 

e Fruits and vegetables 


quantities of purines. Furthermore, yeast and yeast products 
are purine rich. 

Moreover, it has been suggested that fructose increases 
the risk of stone formation by effects on uric acid metabo- 
lism.’ Uric acid stone patients should be advised to limit 
fructose intake, especially with fructose-sweetened foods 
and soft drinks. 


59.6.2 Low Urinary pH 


An acidic urinary pH promotes uric acid stone formation. 
Urinary pH is abnormally low in a significant number of 
patients with uric acid nephrolithiasis.*° The lower the uri- 
nary pH and the higher the uric acid concentration, the 
greater is the risk for uric acid precipitation. Alkalization of 
urine increases the solubility of uric acid. The dissolution of 
uric acid stones requires urinary pH levels between 6.5 and 
7.2. Ingestion of dietary protein, mainly from animal origin, 
has an acidifying effect, whereas fruits and vegetables have 
an alkalizing effect.’ Uric acid stone patients should there- 
fore prefer a balanced ovo-lacto-vegetarian diet. 


59.6.3 Low Urine Volume 


A low urine volume should be corrected preferably with 
alkalizing beverages (Table 59.2). Ethanol is suggested to 
increase uric acid production, a factor that is expected to 
increase the risk of uric acid stone formation.*”** Moreover, 
beer is the only alcoholic beverage acknowledged to have a 
large purine content, which is predominantly guanosine.“ 
In healthy subjects, the consumption of beer resulted in a 


reduction of urinary pH and an increase in urinary uric acid 
excretion." Alcoholic beverages, especially beer, are there- 
fore unsuitable for uric acid stone patients. 


59.7 Calcium Phosphate Stone Disease 


The most important calcium phosphates involved in urinary 
stone disease are carbonate apatite and brushite. Although 
both minerals contain calcium and phosphate, carbonate apa- 
tite and brushite are two completely different kinds of stones. 
Brushite crystallizes in weakly acidic urine (pH optimum 
6.5-6.8) at high concentrations of calcium and phosphate. 
Carbonate apatite stones develop at pH levels greater than 
6.8 with high calcium and low citrate concentrations. 

Diet plays a limited role in the prevention of stone recur- 
rences in patients with calcium phosphate stone disease 
(Table 59.5). Patients are advised to eat a varied, balanced 
mixed diet and to assure a sufficient urine dilution. Whereas 
foods from animal sources have an acidifying effect, foods 
from vegetable origin display an alkalizing effect. Due to 
strong alkalizing effects, the intake of citrus fruits and juices 
should thus be restricted. 


59.7.1 Hypercalciuria 


Patients with hypercalciuria should strive to meet the recom- 
mended daily intake for calcium, which ranges from 1,000 to 
1,200 mg/day (see Sect. 59.5). Moreover, an increased intake 
of dietary protein and sodium is known to increase urinary 
calcium excretion. A moderate intake of protein and sodium 
is therefore recommended. 


Table 59.5 Dietary recommendations for calcium phosphate stone 
patients 


Risk factor 


Dietary recommendations 


Low urine volume e Fluid intake at least 2.5 L/day 


e Acidifying and neutral beverages 
High urinary pH e No pure vegetarian diet 
e Avoidance of alkalizing foods and 
beverages, such as citrus fruits and 
juices 
Hypercalciuria e 1,000-1,200 mg calcium/day 
e 0.8 g protein/kg body weight/day; 
50% of protein intake from 
vegetable origin 
e Max. 6 g sodium chloride/day 


Hyperphosphaturia e Restriction of meat intake 
e Avoidance of foodstuffs with a high 
phosphate content 
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59.7.2 Hyperphosphaturia 


For patients with hyperphosphaturia, it is important to reduce 
the consumption of foodstuffs with high phosphate content 
such as hard, soft, and processed cheeses, legumes, nuts, 
cocoa, and liver. Cheese and nuts have also a relatively high 
content of protein and calcium. Restriction of the intake of 
these foods will thus contribute to a decreased excretion of 
both phosphate and calcium. 


59.7.3 High Urinary pH 


Urinary acidification should be achieved with acidifying 
beverages. Suitable beverages are mineral water with a high 
sulfate content and a low content of bicarbonate and cal- 
cium. A high sulfate content of water has been found to be 
capable of providing sustained urinary acidification. More- 
over, cranberry juice has an acidifying and bacteriostatic 
effect.’'* Due to the high-energy content, it is recom- 
mended to drink cranberry juice diluted with water. More- 
over, the oxalate content of cranberry juice has to be taken 
into account. 


59.8 Cystine Stone Disease 


Cystine stones are caused by an autosomal recessive heredi- 
tary transport defect for the amino acids cystine, arginine, 
ornithine, and lysine. Because the habitual diet may promote 
cystine stone formation, dietary modification is an integral 
part of treatment. A reduction of urinary cystine excretion, 
urine alkalization, and extensive urine dilution are the cor- 
nerstones of metaphylactic treatment of cystine stone 
disease. 


59.8.1 Cystinuria 


Cystine is derived from the essential amino acid methion- 
ine. A high methionine or protein content, respectively, of 
the diet may contribute to increased urinary cystine excre- 
tion. Methionine is contained in considerable quantities in 
meat, fish, sausages, eggs, dairy products, and soybeans.*® 
Unfortunately, a dietary restriction of methionine-containing 
products is not practical and can seriously reduce the qual- 
ity of life. Therefore, cystine stone patients are advised to 
maintain a balanced diet with moderate protein content, 
which should not exceed 0.8 g protein/kg body weight/day 


Table 59.6 Dietary recommendations for cystine stone patients 
Risk factor 


Dietary recommendations 


Low urine volume e Fluid intake at least 3.5 L/day 


e Alkalizing and neutral beverages 
0.8 g protein/kg body weight/day; 50% 
of protein intake from vegetable origin 


e Restriction of methionine-rich 
foodstuffs 


e Max. 6 g sodium chloride/day 


Cystinuria ° 


Low urinary pH e 0.8 g protein/kg body weight/day; 50% 
of protein intake from vegetable origin 


e Fruits and vegetables 


(Table 59.6). A mainly vegetarian diet has a relatively low 
content of methionine and brings about an alkalization. 
Vegetables, salads, fruits, and cereals should form the major 
content of the diet. In children, such a diet may not suffi- 
ciently meet the demand of iron and iodine. Children should 
therefore be given one to two meat and one fish meals 
weekly.’ 

Moreover, dietary sodium has been suggested to increase 
cystine excretion.*° Therefore, the sodium chloride intake 
with the diet should be limited. This can be accomplished by 
preferring fresh foodstuffs and by restricting the use of salt 
during cooking. Notably, much of the salt intake comes from 
“hidden sources,” such as fast food, canned foods, pickled 
and smoked products. 


59.8.2 Low Urine Volume 


A high urine volume is one of the most important measures 
in cystine stone disease. Whereas for the majority of stones, 
fluid intake should be adjusted to achieve a consistent urine 
volume of at least 2 L/24 h, excessive urine dilution is neces- 
sary for a successful metaphylaxis in patients with cystine 
stone disease. To remain below the critical limit of 1.33 mmol 
cystine/L with a cystine excretion of >4.2 mmol/24 h, urine 
volume must be at least 3.5 L/24 h. Depending on the extent 
of physical activity and the ambient temperature, a fluid 
intake of 3.5 to 4.0 L/day is required. Particularly throughout 
the night, appropriate hydration to maintain urine volume of 
1.5 L is recommended. Hydration should mainly be satisfied 
with alkalizing beverages as the solubility of cystine clearly 
increases with rising urinary pH. 


59.9 Conclusions 


Diet plays an important role in urinary stone formation. Spe- 
cific dietary assessment provides fundamental information 
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for the evaluation of nutritional risk factors for urinary stone 
formation. General dietary metaphylaxis is suitable as basic 
treatment for all stone patients irrespective of stone compo- 
sition. Unspecific metaphylactic measures are the reduction 
of overweight, the consumption of a balanced diet according 
to the recommendations for stone patients and a sufficient 
circadian fluid intake accomplished with neutral beverages. 
Specific metaphylactic measures for stone formers should be 
based on the stone type and the biochemical risk profile of 
the patient. Dietary modification can reduce or even prevent 
stone recurrences. 
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Stone Management in the Presence 
of Morbid Obesity 


Aaron Potretzke and Manoj Monga 


Abstract Obesity is an overwhelming epidemic with implications for all aspects of medicine. 
Urology is no exception, and specifically obesity has had a pronounced effect on stone dis- 
ease. Obese patients are at a greatly increased risk for all stones, but particularly uric acid 
stones. The understanding of the physiology of urolithiasis in obese patients will improve both 
the prevention and medical treatment of stones. Currently, surgery is the definite treatment, 
but obstacles exist that complicate surgery in obese persons. A review of the literature, experi- 
ence of urologists, and current recommendations for accommodations for obese patients are 


described here within. 


60.1 Introduction 


Obesity is an overwhelming epidemic with implications for all 
aspects of medicine. Urology is no exception, and specifically 
obesity has had a pronounced effect on stone disease. Obese 
patients are at a greatly increased risk for all stones, but par- 
ticularly uric acid stones. The understanding of the physiology 
of urolithiasis in obese patients will improve both the preven- 
tion and medical treatment of stones. Currently, surgery is the 
definite treatment, but obstacles exist that complicate surgery 
in obese persons. A review of the literature, experience of 
urologists, and current recommendations for accommodations 
for obese patients are described here within. 


60.2 Epidemiology of Obesity 


60.2.1 Obesity in the United States 


The obesity epidemic continues to expand across the USA and 
the world. Its impact on personal and public health is irrefutable. 
Obesity is strongly associated with, or a risk factor for, diabetes 
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mellitus, hypertension, dyslipidemia, stroke, and ischemic heart 
disease. It is also associated with increased risks for certain 
cancers, including endometrial, ovarian, cervical, breast, and 
gallbladder in women, and prostate and colorectal in men.! 

The definitions of overweight and obese are based on a 
unit of measure termed Body Mass Index (BMI). BMI is cal- 
culated by dividing weight in kilograms by the square of 
height in meters. In the adult population, overweight, obesity, 
and extreme obesity are defined by BMIs greater than or 
equal to 25.0, 30.0, and 40.0.7 

Unfortunately, the increases in obesity prevalence over 
the last 25 years have been marked. According to the studies 
conducted in the National Health and Nutrition Examination 
Survey (NHANES), the prevalence of obesity in those aged 
20-74 has doubled from 1976-1980 to 1999-2000 (15.0% 
and 30.9%, respectively). The most recent publication from 
NHANES reports that in 2003-2004, of adults over 20 years 
of age, 66.3% were either overweight or obese, 32.2% were 
obese, and 4.8% were considered extremely obese. 

When these data are stratified by race/ethnicity, overall 
30% of Caucasians, 45% of African-Americans, and 36.8% 
of Hispanics were obese.* These epidemiologic numbers are 
projected to increase steadily, as current estimates for the 
year 2010 are that 35% of white men, 36% of white women, 
33% of black men, and 55% of black women will be obese.* 
Further indication of the magnitude and significance of the 
obesity epidemic is the projected “years of life lost” (YLL); 
for 20-year-olds with a BMI >45, the YLL are 20 years for 
white males, 13 years for black males, 8 years for black 
females, and 5 years for white females.* 
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60.2.2 Obesity Worldwide 


The people of both developed and developing nations across 
the world are also increasingly plagued by obesity. Recent 
estimates suggest that between | and 1.5 billion adults are 
overweight and that at least 300 million are obese.®’ 
Prevalence ranges from less than 5% in China and some parts 
of Africa to greater than 75% in the urban areas of Samoa.’ 
Other publications report estimated prevalence rates in devel- 
oped countries range between 9% (women in Sweden) to 
25% (women in Japan).° 


60.2.3 Obesity in Children and Adolescents 


The prevalence of childhood obesity is similarly a growing 
problem. For children and adolescents (ages 2—19 years), the 
definition of overweight is a BMI that is greater than the 95th 
percentile for age, adjusted for sex. As in the adult popula- 
tion, increases in the prevalence of obese children and ado- 
lescents have been progressive, as the percentage of 
overweight children roughly doubled from 1971-1974 to 
1988-1994. The data from the 2003-2004 NHANES survey 
show that obesity was present in 13.9%, 18.8%, and 17.4% 
for children and adolescents aged 2-5, 6-11, and 12-19.° 
Significant differences in overweight prevalence are demon- 
strated between racial/ethnic groups in persons aged 6-19 
years. African-American and Hispanic girls were signifi- 
cantly more overweight than Caucasian girls. In contrast, 
Hispanic boys exhibit a significantly higher prevalence of 
overweight than Caucasian and African-American boys.!° 

Like their adult counterparts, children are affected by 
obesity worldwide. Estimates in 2007 propose that 22 mil- 
lion children (age 5 or less) are overweight. It is notable that 
75% of these children live in impoverished nations." 
Developed nations such as Japan, Northern Ireland, and 
England have childhood obesity prevalence rates of 10.7%, 
8.5%, and 29.5%, respectively.’ 


60.3 Epidemiology of Stones 
in the Obese Population 


60.3.1 Calcium Oxalate and Uric Acid Stones 


It is well reported that the incidence and prevalence of renal 
stone disease has been increasing in developed nations, includ- 
ing the USA." In fact, even across the time period of 1997- 
2002, hospital discharges for renal calculi increased by 18.9%, 
although ureteral calculi were not significantly changed. It has 


been suggested that the increase in overall stone disease may 
be related to an increase in the number of obese persons and 
their associated increased risk of stones." 

Obesity is associated with an increase in both calcium 
oxalate and uric stones, although oxalate stones are related to 
a lesser degree.'* Obese persons are at a particularly increased 
risk of forming uric acid stones.'*!° As evidence, Ekeruo 
demonstrated in a small study that 63% of stones in obese 
people were composed of uric acid.'’ Others have found that 
men and women with a normal BMI have uric acid stones 
7.1% and 6.1% of the time, while those who were obese by 
BMI had uric acid stones in much greater proportions (28.7% 
and 17.1%). It is noteworthy that it was also found that the 
proportion of uric acid stones in obese patients increased sig- 
nificantly with age.'® Negri et al. conducted a study of the 
characteristics of people suffering from stone disease. They 
found that those stone formers who, on stone analysis, were 
affected by “pure” uric acid stones were significantly heavier 
and had greater BMIs than those participants with “pure” 
calcium oxalate stones. In fact, 43.3% of uric acid stone 
patients were obese compared to only 16.1% of those who 
form calcium oxalate stones." 

The effect that uroliths have on the kidney is not insignifi- 
cant. In a study using the NHANES III data, Gillen et al. 
showed that a relationship between kidney stones and 
decreased renal function was present, and greatly dependent 
on BMI.” More precisely, of patients with kidney stones and 
BMIs > 27, the decrease in glomerular filtration rate (GFR) 
was 3.4 mL/min/1.73 m? greater than that seen in similarly 
overweight patients without stone disease. Patients in this 
group had roughly twice the chance of having a GFR of 
between 30 and 59, a level indicative of kidney failure. 
Kidney stone disease is only one of a number of serious renal 
diseases that are influenced by obesity. Although it will not 
be specifically addressed here, it is important to note that 
obesity-related glomerulopathy is increasingly common and 
associated with significant morbidities. 


60.4 Risk Factors for Stones in the Obese 
Population 


The metabolic syndrome, of which obesity is a criterion, is 
associated with urinary tract stone disease. This topic is dis- 
cussed in Chap. 9. 


60.4.1 General Risk Factors 


Obesity itself predisposes to stone occurrence. Additionally, 
obesity is a predictor of recurrent stones in first-time stone 
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formers.'>'’?! Typically, obese persons with stone-forming 
tendencies excrete higher levels of sodium, calcium, uric 
acid, and citrate. Statistically significant and positive correla- 
tions have been found between BMI and urinary uric acid, 
sodium, ammonium, and phosphate, along with serum uric 
acid and creatinine. The risk of stone formation has been 
found to be significantly correlated with BMI’; the relative 
risk of developing a stone is 1.33 in men with BMI = 30 
compared to BMIs of 21—22.9. Furthermore, the median 
number of stone occurrences is significantly higher in men 
with BMI 2 25."* 

Curhan et al. reported an effect of gender on the associa- 
tion of obesity and nephrolithiasis.*> They reported that the 
odds ratio for stone formation for BMIs = 32 compared to 
BMIs 21—22.9 was 1.76 for women, but only 1.38 for men. 
The risk of stone disease in obesity is inversely associated 
with urinary pH.” As such, an acidic urine environment is a 
marked risk factor for both uric acid and calcium oxalate 
stones. 

Paralleling the advancement of understanding in other 
clinical fields, recent observations suggest a genetic influ- 
ence on stone disease in overweight and obese people. 
Although the exact mechanism has not been clarified, 
research suggests that a disorder in calcium metabolism 
amongst families may account for some of the aggregation 
of pathologies such as obesity, hypertension, and stone 
disease.” 


60.4.2 Urinary Metabolic Factors 


The most recent and direct study of metabolic factors influ- 
encing stone disease in the obese population was conducted 
by Duffey et al.” Unique to this study is that the investigators 
evaluated a random sample of patients not presenting with an 
incident stone event. In this study, 45 morbidly obese patients 
(BMI = 49.5) about to undergo bariatric surgery were exam- 
ined for both environmental and metabolic qualities. Diets 
were recorded and considered for differences in sodium, cal- 
cium, and protein. In sum, 97.8% of these obese patients had 
at least one stone risk factor, while 80% had three or more 
risk factors. The most common urine abnormality noted was 
a low urine volume, affecting 71% of subjects. More than 
50% of the study group also had elevated relative supersatu- 
ration of uric acid. When males and females were compared, 
it was found that men had significantly greater excretion of 
oxalate, sodium, phosphate, and sulfate. It is also worth men- 
tioning that 23% of the males were hyperoxaluric. 
Additionally, increasing BMI was associated with lower 
magnesium excretion and brushite relative supersaturation. 
Ekeruo et al. compared metabolic disturbances in obese 
versus non-obese stone formers, and reported that obesity 


increased the risk of high urine sulfate (70% versus 24%), 
hypercalciuria (59% versus 48%), gouty diathesis (54% 
versus 18%), hyperuricosuria (43% versus 20%), and hyper- 
oxaluria (31% versus 10%).'’ These results have been 
echoed by other authors who found a significant difference 
in metabolic factors such as oxalate, uric acid, sodium, and 
phosphate.” 


60.4.3 Dietary Risk Factors 


Some of the most common risk factors for stone disease, both 
in the obese and non-obese, are low urine volume (secondary 
to low fluid intake or increased fluid losses) and high animal 
protein intake, termed by some investigators as “purine glut- 
tony.” !>!7 Those persons eating 277 g/day of animal protein 
have a 33% elevation in relative risk when compared to those 
who eat little animal protein (<50 g/day).”* 

Increases in dietary fat are correlated with increased uri- 
nary oxalate.” There is some level of debate as to whether 
increased sugared colas and other specific types of beverages 
increase the risk of stone disease. Rodgers found that sug- 
ared-cola consumers had increased urinary oxalate and 
thereby an increased risk of stones.” It may be inferred that 
obese persons may be more inclined to such types of bever- 
ages. However, Curhan et al. reported that soda had no effect 
on stone incidence. They reported that caffeinated and decaf- 
feinated coffee, tea, beer, and wine all decreased the risk of 
stones. Others suggest that diets with less alcohol lead to a 
decrease in the risk of calcium oxalate stones.*' Interestingly, 
apple and grape juice increased stone risk.” It is believed 
that tea, especially green tea, may be protective against 
calcium oxalate stones as a result of its anti-oxidative 
properties.” 


60.4.4 Mechanism 


The physiology of increased urinary acid concentration in 
obesity and the metabolic syndrome has been described by 
Sakhaee and Maalouf.” They explain that a net increase in 
renal acid excretion combined with maladapted urinary 
ammonium excretion leads to an impairment in buffering 
capacity, ultimately resulting in lower urinary pH. They also 
note that future research will focus on the relationships that 
insulin signaling and insulin resistance have with these 
defects. Thus far, it has been reported that increasing insulin 
resistance has correlated to decreasing urinary pH.*>° 
Urinary pH, in fact, correlates to other measures of insulin 
resistance, such as a depressed glucose metabolism. Current 
biochemical knowledge proposes that the action of insulin 
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on the sodium-hydrogen exchanger 3 receptor influences 
ammonia synthesis and excretion. Insulin is also thought to 
have effects on ammonium synthesis and excretion by the 
proximal tubule.” Abate et al. demonstrated that low insulin 
sensitivity was significantly associated with acidic 24-h uri- 
nary pH values.” They went on to describe that those patients 
with recurrent uric acid stones aggregated at the highest lev- 
els of insulin resistance. Finally, they demonstrated that those 
who were most insulin resistant not only had the lowest pH 
values but also had lower levels of urinary ammonium. This 
implies that the protons excreted in urine as titratable acids 
are insufficiently buffered by ammonia. 

Increased animal protein consumption can be another 
cause of lower urinary pH as it stimulates endogenous acid 
production in the body. As the increased acid burden requires 
buffering for homeostasis, bone is reabsorbed and with it cal- 
cium. In concordance, glomerular filtration rate is acceler- 
ated while calcium reabsorption in the nephron is decreased. 
Ultimately, these conditions predispose to uric acid stones 
preferentially, but also to calcium oxalate stones.!” 

Further evidence of uric acid stone predispositions comes 
from Negri et al. The authors assert that clear differences can 
be seen in the serum and urine analyses of calcium oxalate 
versus uric acid stone formers. Calcium oxalate stone form- 
ers have elevated serum uric acid and low uric acid clearance 
(typical of a gout patient), uric acid fractional excretion, and 
UA/creatinine ratio. The average urinary pH in patients with 
uric acid stones was 5.17 compared to 5.93 in calcium oxalate 
patients.!’ As indicated previously, low urinary pH is undeni- 
ably the most common and important predisposing factor to 
uric acid stones and also contributes to mixed uric acid/cal- 
cium oxalate stones.” 

Hypertension, a common comorbidity in obese patients, 
has been shown to play an independent role in low urinary 
pH.” In a review of the relationship between hypertension 
and nephrolithiasis, Obligado and Goldfarb discuss the 
likely impact that obesity (and the metabolic syndrome) 
has had on the increase in stone incidence observed in 
Western society.** They propose an interesting notion that a 
common pathophysiology may be responsible for obesity, 
components of the metabolic syndrome, hypertension, and 
stone disease. They also suggest that since a clear etiologic 
relationship is not evident for hypertension and nephro- 
lithiasis, it may instead be a common factor of obesity that 
relates the two pathologies. Epidemiologic data seem to 
support this assumption. An in-depth discussion on pro- 
posed mechanisms is provided by the authors, but can be 
summarized in stating that volume expansion (often present 
in hypertension) causes decreased sodium and calcium 
reabsorption, as the two are closely coupled. Also, there is 
some evidence in animal models that suggests a genetic 
influence on calcium leak in the nephron that may predis- 
pose to these conditions.** 


60.5 Conservative Therapy for Stone Disease 


A comprehensive approach to conservative, medical man- 
agement of stone disease is provided in the previous chapters 
in the section on “Medical Management.” Some of the basics 
are summarized here, with an emphasis on indications and 
efficacy in obesity. 


60.5.1 Medication 


The objective of medical and dietary treatment of urolithiasis 
is to correct the metabolic defect noted on stone and/or urine 
analysis that is predisposing the patient to stone formation. 
Generally, treatment of patients of normal weight is the same 
as for those who are overweight. There is a general lack of 
knowledge of treatment efficacy in obese patients. In patients 
with hypercalciuria, thiazide diuretics can be started; in 
hyperuricosuria, allopurinol can be used to decrease produc- 
tion of uric acid.” For both entities, however, conservative 
therapy is a reasonable first-line alternative. 

The typical conservative treatment for uric acid stones is 
multi-focused. Increasing the urinary pH with bicarbonate 
salts or citrates is considered effective, as is increasing fluid 
intake and decreasing protein consumption. In the specific 
case of a patient with known hyperuricemia, medical therapy 
is indicated to lower the uric acid concentration. '® 

Ekeruo et al. showed that in a group of obese stone formers, 
the incidence of recurrent stones decreased from 1.8 to 0.2 
stones per patient per year on appropriate medical therapy and 
conservative dieting.” In this particular study, medical therapy 
consisted of potassium citrate, allopurinol, hydrochlorothiaz- 
ide, and/or chlorthalidone depending on the condition identified 
on metabolic assessment. All patients were also offered guide- 
lines for a diet that would lower animal protein consumption. 
Congruent to the decrease in stone recurrence, many of the 
baseline abnormal urinary metabolic parameters showed appro- 
priate response, including an increase in pH, urinary volume, 
and citrate, and a decrease in urine calcium, urate, and sulfate. 

In greater detail, Ekeruo and colleagues report excellent 
response of their patients to potassium citrate therapy. Citrate 
corrects the simple hypocitraturia present in the acidic urine 
of obese patients. Moreover, citrate inhibits the formation of 
stones in scenarios common to obese patients such as hypoci- 
traturic calcium nephrolithiasis, uric acid stone disease, and 
gouty diathesis. Overall, it decreases the relative saturation of 
calcium oxalate by decreasing urinary calcium and increasing 
urinary pH. Alkalinization of urine with bicarbonate or organic 
anions decreases the calcium excretion in urine by mollifying 
the effect of sodium on calcium excretion. Additionally, the 
serum bicarbonate will prevent calcium reabsorption from 
bone, also lowering the calcium burden on the kidney.** 


60 Stone Management in the Presence of Morbid Obesity 


699 


Ekeruo et al. claim “the importance of dietary modifica- 
tions decreasing purine intake cannot be overemphasized.” 
Obese kidney stone patients who are unable to control stone 
risk factors with diet are candidates for allupurinol therapy, 
especially in cases where hyperuricemia also is present. The 
conclusion of the aforementioned discussion is that in obese 
patients, metabolic evaluation and appropriately tailored 
therapy may be an effective approach to stones.'” 

Less conservative and complementary therapy has been 
explored in recent years. Drugs for expedited expulsion of 
stones, such as a(alpha)-blockers and calcium-channel 
blockers, have been used with encouraging success. Analgesia 
for acute renal colic has been addressed with nonsteroidal 
anti-inflammatory drugs (NSAIDs), opioids, and antimusca- 
rinics.*° These therapies are mentioned here only to note that 
the response to anti-inflammatory and spasmolytic drugs for 
the relief of renal colic is similar between obese and non- 
obese patients.‘’ However, obese patients may not present 
with classic flank pain, due to ill-defined body landmarks, 
but rather may present with vague complaints.” 


60.5.2 Diet 


Diet is frequently purported to be the most important envi- 
ronmental factor predisposing to urolithiasis. Logically, 
dietary recommendations are made to persons suffering from 
stone disease in an effort to decrease the risk of recurrence. 
In non-obese patients with known urine abnormalities or 
metabolic disturbances, certain dietary recommendations 
have become standard. For patients with low urine volume, 
an increase in fluid intake to between 2.5 and 3 L/day (or 
quantity sufficient to support 2 L of urine) should be sug- 
gested. In hypercalciuria, patients restrict sucrose and sodium 
(<2.4 g/day), decrease consumption of non-dairy animal pro- 
tein, and also make sure to take 1,000 mg of calcium a day. 
Hyperoxaluric patients should limit oxalate in their diets, 
avoid high doses of vitamin C supplementation, and assure 
adequate calcium intake.” Supplementation with vitamin B6 
may also help to lower oxalate by increasing oxalate metabo- 
lism and decreasing synthesis. Those with hypocitraturia 
should begin citrate supplementation by either organic means 
— fruits and vegetables — or through supplementation (i.e., 
potassium citrate). Patients with hyperuricosuria (most obese 
stone formers are hyperuricosuric) should restrict purine 
intake by adhering to a low-animal-protein diet. Those with 
elevated urinary sodium excretion should be mindful to 
restrict salty foods. Finally, diligent follow-up by both physi- 
cian and patient should be a priority to ensure that the desired 
changes in metabolic activity have occurred.’ 

Research has been conducted on the effects of diet on risk 
of stone disease, although a thorough understanding of how 


diet may affect obese patients with stones has yet to be fully 
elucidated. In a representative population, Siener et al. found 
that risk factors for stone disease, largely metabolic abnor- 
malities, decreased significantly after patients adapted their 
intake to a more “nutritionally balanced diet,” that is one with 
less protein and alcohol and more fluid.*! Hesse and Siener 
investigated the use of a vegetarian diet for treatment of 
oxalate-based stone disease. It has been thought that a vege- 
tarian diet, by decreasing animal protein and thereby amino 
acids that generate purines, would decrease oxalate concen- 
trations in urine. These authors studied two comparable, 
isoenergetic nutrient rich diets, one consisting of an ovo-lacto- 
vegetarian menu and the other a typical mixed diet. The ovo- 
lacto-vegetarian diet showed a significant increase in oxalate 
excretion. Despite this, the risk of calcium oxalate stones was 
effectively unchanged, likely as a result of an associated 
increase in urinary pH.” Obligado and Goldfarb suggest that 
adhering to a diet of more fruits and vegetables, low-fat dairy 
and non-dairy products, and low sodium may protect against 
obesity and subsequently hypertension and nephrolithiasis. A 
low sodium diet is intuitively beneficial as naturesis causes 
obligate calciuria. As well, diets rich in potassium, magne- 
sium, and citrate have been shown to decrease calciuria. 

As with all treatments, dieting as part of a weight-loss 
program should be done with some discretion. In particular, 
patients and doctors should take care when embracing cur- 
rent trends that support low-carbohydrate, high-protein 
approaches such as the Atkins and South Beach diets. A 
study of ten subjects undergoing a 6-week diet, of which 2 
weeks consisted of a very-low carbohydrate/high-protein 
diet and then 4 weeks of a moderately low carbohydrate/ 
high-protein diet, were actually found to have increased risks 
for stones. The increased risk resulted from lower urinary pH 
and citrate levels, and increased net acid excretion, undisso- 
ciated uric acid excretion, and calcium excretion. When 
recommending these types of diets to overweight and obese 
patients, it is important to remember these risks as well as the 
risk of bone loss without proper calcium supplementation. 

While dietary modifications and weight loss are widely 
recommended for multiple medical conditions associated with 
obesity,“ supportive evidence is lacking to substantiate the 
hypothesis that weight loss would positively impact stone inci- 
dence. In fact, and to the contrary, Taylor et al. found that there 
was no reduction in stone risk after weight loss, although the 
authors note that few patients in their study population actually 
lost weight and so the results are not significant or convincing.” 


60.5.3 Imaging in Obesity 


Imaging modalities are generally affected by patient body 
habitus and weight. Nephrolithiasis is most routinely and 
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sensitively imaged by non-contrast computed tomography 
(NCCT).*° The same can be said for those who are obese, 
although specific considerations will be mentioned later. 
Kidney-ureter-bladder (KUB) X-ray radiography may also 
be used as a screening tool for stones, as it is quick to use and 
relatively inexpensive; but with a strong clinical suspicion, 
NCCT should be used as a definitive study. It bears mention- 
ing here that KUB X-rays and ultrasound are thought to be 
less sensitive in diagnosing urolithiasis in obesity, although 
evidence exists to the contrary.*! 

The weight limit established for computed tomography 
(CT) scanner tables is, for most medical centers with 16- or 
64-slice scanners, 450 1b. Newer CT scanners have improved 
and may allow up to 680 lb. Another limitation is the diam- 
eter of the gantry, which is typically 70 or 90 cm for older 
and newer scanners, respectively. The tables themselves are 
able to withstand more than this weight; however, the current 
restrictions are based on the ability of the table motor to reli- 
ably move the table through the gantry at constant pace. 

Radiation exposure is another concern in the imaging of 
obese patients with CT. In order to adequately penetrate sub- 
cutaneous tissues and depict intra-abdominal organs, the 
amount of radiation dosed is increased intentionally to remove 
artifact and develop clear radiographs. When combined with 
longer exposure times, which also accompany increased body 
size, obese patients are exposed to incrementally more radia- 
tion per study than their leaner counterparts.“ 


60.5.4 Bariatric Surgery and Stone Disease 


Hyperoxaluria and nephrolithiasis are known complications 
of early bariatric surgeries, such as the jejunoileal bypass. 
Recently, an interesting correlation between modern bariat- 
ric surgery and urinary metabolic changes has come to light. 
Durrani et al. found that of 972 patients undergoing gastric 
bypass, 8.8% had stones preoperatively, 3.2% developed 
stones postoperatively, and 31.4% of those with stones before 
surgery had recurrent stones thereafter.“ Similarly, Nelson 
et al. observed in a retrospective study that many of their 
bariatric patients receiving Roux-en-Y gastric bypass were 
developing oxalate nephrolithiasis postoperatively.” They 
noted that some patients had developed enteric hyperoxalu- 
ria after, on average, 29 months and 46 kg of weight loss. 
The authors concluded that hyperoxaluria, nephrolithiasis, 
and even oxalate nephropathy should be considered potential 
complications of Roux-en-Y bypass surgery. 

A subsequent retrospective study of stone formers by 
Asplin and Coe showed that in 132 patients who had under- 
gone modern bariatric surgery, average 24-h urine oxalate 
levels were 83 mg/day.*’ This compared with 39 mg/day for 
the average kidney stone patient and 34 mg/day in the 


normal, control patient. The urinary oxalate excretion was, 
however, lower than had been seen in jejunoileal bypass, 
which had a historical average of 102 mg/day. Furthermore, 
the supersaturation of calcium oxalate in urine was higher in 
bariatric patients than in the average person afflicted with 
stones. What is particularly concerning, and is a common 
theme in this so-called new epidemic”! of bariatric surgery 
and hyperoxaluria, is the risk of developing oxalate levels 
high enough to cause renal failure. 

Sinha et al. echoed these findings in a cross-sectional 
study of 60 patients who developed urolithiasis 2.9 years fol- 
lowing Roux-en-Y surgery.” They found that hyperoxaluria 
was common 6 months after the operation, however, the 
increase in relative supersaturation was noted only after 12 
months. Recently, a prospective longitudinal cohort study 
has demonstrated that these urinary findings occur earlier in 
the time course following bariatric surgery. Duffey et al. con- 
ducted a prospective study of 24 patients undergoing Roux- 
en-Y bypass and found that at only 3 months postoperatively 
these patients had significantly increased urinary oxalate 
excretion (41 versus 31 mg/day preoperatively, p = 0.030) 
and increased relative supersaturation of calcium oxalate in 
urine (3.47 versus 1.73, p = 0.030). 

In order to study further the effects of bariatric interven- 
tion on non-stone formers, a group of patients with no known 
history of stones were assessed 6 months after Roux-en-Y 
surgery. When compared to normal adult controls, mean uri- 
nary oxalate levels were nearly double (62 and 33 mg) in the 
bariatric patients.* Finally, though presented with much less 
convincing data, new urolithiasis was also reported as a com- 
plication of pediatric bariatric (gastric banding) surgery.* 

Although still undefined, the likely mechanism for hyper- 
oxaluria and renal stone disease following bypass surgery is 
a malabsorption of fats and bile salts, which leads to saponi- 
fication of calcium and a reciprocal increase in the absorp- 
tion of intestinal oxalate. It has also been proposed that gut 
flora such as Oxalobacter formingenes, and other oxalate- 
metabolizing bacteria, may be decreased following bypass 
surgery and thereby increasing the levels of oxalate available 
for absorption in the gut.°!* 

The current recommendations for prophylactic treatment 
of hyperoxaluria and calcium oxalate stones following bariat- 
ric surgery are to decrease oxalate and fat consumption, 
increase calcium and citrate supplementation, alkalinize 
urine, and maintain adequate urine production through fluid 
intake. Longitudinal studies of urinary abnormalities suggest 
that the most effective strategy to prevent hyperoxaluria and 
stone formation would be to increase fluid intake to at least 2 
L/day in order to promote excretion of dilute urine and pre- 
vent supersaturation of calcium oxalate.” In addition, decreas- 
ing consumption of spinach, tea, nuts, and cocoa may help. 

Unfortunately, each of these strategies has its limitations. 
Though limiting dietary oxalate is theoretically an excellent 
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first step, only 10-20% of renally excreted oxalate is from 
dietary sources; therefore, it is difficult to make a large 
impact on oxalate levels through diet.” Indeed, in an early 
study, a decrease in urinary oxalate following jejunoileal 
bypass of only 1.1-0.7 mmol/24 h was observed in an at- 
home low-oxalate diet.*° 

Some studies question the relative importance of dietary 
oxalate on stone risk. Siener et al. studied 186 calcium 
oxalate stone formers, half with hyperoxaluria and half with- 
out, and found that the dietary intake of oxalate was not dif- 
ferent in the two groups. Instead, they found that ascorbate 
and fluid consumption were correlated positively, and cal- 
cium intake was inversely related.” Therefore, providing the 
patient with calcium supplementation (1,000-1,200 mg/day) 
may be intuitive to bind oxalate in the gut, though increased 
levels of fatty acids may saponify much of this calcium, lim- 
iting its bioavailability to complex with oxalate. Despite this, 
Hylander et al. found that a 2,000 mg/day supplementation 
of calcium, given to a small group of jejuenoileal bypass 
patients, lowered renal oxalate significantly.” As an addi- 
tional note, treatment with a lactic acid bacteria probiotic has 
been tried, although with minimal, short-lived success. The 
future will certainly hold further research on the treatment of 
this condition as it becomes increasingly commonplace. 


60.6 Surgical Therapy for Stone Disease 


60.6.1 General Considerations 


The morbidly obese patient is at an increased risk for many 
complicated medical problems — such as diabetes, obesity 
hypoventilation, sleep apnea, hypertension, and heart disease 
— that contribute to an increased risk of perioperative mor- 
bidity and mortality (see Table 60.1).°' Obese patients are 
more likely to experience the following perioperative com- 
plications: longer operating times, wound dehiscence,” inci- 
sional hernias, recurrent hernias, readmission to intensive 
care units, longer hospital times, prolonged ventilation,’ 
atelectasis, pneumonia,” thromboembolism,” 
mial infections,” among other comorbidities. 


and nosoco- 


Table 60.1 Rates of postoperative complications in obese patients 
Rate for non-obese 
patients (%) 


Rate for obese 
patients (%) 


Postoperative 


complication 


Wound infection 11.2 5.8 
Wound dehiscence lea 0 
Pulmonary embolism 6 0.1 
Thrombophlebitis 4.3 0.7 
Mortality (trauma only) 42 5 


Adapted from Flancbaum and Choban® 


Though endourologic procedures for stones may carry a 
lower risk for certain wound complications, hospital stays are 
longer and complication rates higher for obese patients fol- 
lowing stone surgery.’’ Some of the complications encoun- 
tered by the urologist operating for stone on an obese person 
may include inability to reach stones percutaneously, intraop- 
erative rhabdomyolysis, temporary renal failure, and wound 
infection.” Additionally, the potential operative complications 
for a nonobese person are exaggerated in the obese patient. 
They include bleeding (minor or major), infection, deep vein 
thrombosis (DVT), difficulty with anesthesia, and inadvertent 
organ injury. Consequently, special care needs to be taken for 
DVT prophylaxis and anesthetic preparation. Unique issues 
arise in the surgical arena: patients may exceed the weight lim- 
its of the standard surgical table or have skin-to-stone distances 
that exceed the length of standard endoscopic equipment. 

To counter the multitude of possible perioperative mor- 
bidities for the obese patient, a multi-disciplinary approach 
to preoperative assessment, intraoperative monitoring, and 
peri- and postoperative care should be taken. Preoperative 
evaluation for clotting risks, heart dysfunction (left ventricu- 
lar dysfunction or arrhythmias), sleep apnea or hypoventila- 
tion, and metabolic conditions should be conducted. The 
anesthesia team is vitally involved in pre- and intraoperative 
care and so should be well prepared for the specific needs 
and monitoring of the obese patient. Because of the varia- 
tions in orotracheal anatomy in the obese patient, intubation 
and ventilation may be problematic, and may require fiberop- 
tic assistance.” Nursing personnel are invaluable in postop- 
erative care as early ambulation or rotation in bed is crucial 
to prevent DVT, PE, or decubitus ulceration. The position of 
the obese surgical patient in bed may be important for oxy- 
genation early in the postoperative period. Vaughn et al. sug- 
gest that the patient be positioned in the semirecumbent 
posture for the first 48 h after surgery.” The modern health 
care system also has increasing responsibility to have the 
capacity to provide larger beds, transportation modalities, 
and operating tables and radiologic equipment capable of 
supporting greater weights.” 

Non-invasive procedures should be the first choice for the 
obese patient as their unique surgical risk factors increase the 
potential value of a minimally invasive procedure. With 
modifications of current noninvasive and minimally invasive 
procedures for urolithiasis, the approach to the morbidly 
obese patient can be successfully planned. 


60.6.2 Extracorporeal Shock Wave 
Lithotripsy (SWL) 


Extracorporeal shock wave lithotripsy (SWL) has been 
shown to be an effective treatment of large renal stones, but 
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is limited as a technique in the obese patient to those patients 
in whom the skin-to-stone distance (SSD) is equal to or less 
than the focal depth of the SWL machine.” Table weight 
restrictions limit the size of the patient who can be treated on 
each individual lithotripter (see Table 60.2). Difficulty with 
imaging and targeting of stones before intervention has also 
presented a problem. Increased subcutaneous and visceral 
thickness leads to the distance between lithotriptor and stone 
exceeding the focal length of the lithotripter.“ 

In fact, skin-to-stone distance (SSD), or the distance from 
the surface of the skin to the center of the stone — as mea- 
sured at 0°, 45°, and 90° — has become an important predic- 
tor of SWL success. Pareek et al. first used non-contrast 
computed tomography to assess SSD and discovered that 
SSD was a significant predictor of post-SWL stone-free 
rates. Any SSD greater than 10 cm is considered a poor 
indicator for success.” El Nahas and colleagues found that 
SSD had a significant predictive value for treatment failure 
(p = 0.033), although this relationship did not hold up to 
multivariate analysis.”° Clinical experience with SWL and 
morbidly obese patients has shown it to be a safe and effec- 
tive technique without increased rates of complications.” 
Unfortunately, the rate of failure significantly increases with 
BMI in the obese range; El-Nahas et al. reported success 
rates of 80% for obese (BMI > 30) patients compared to 93% 
for non-obese, in a prospective study using CT imaging to 
determine a successful treatment.” 

Ackermann et al. found in a study of 246 patients that 
BMI had a significant impact on stone-free rates at 3 months. 
Analysis showed that those patients with a BMI of 20-28 
had the greatest chance of successful outcomes.” Similarly, 
Pareek et al. reported that the average BMI for patients ren- 
dered stone-free following SWL was 27, while the average 
BMI for those with residual fragments was 31.” Even newer- 
generation lithotripters have been susceptible to the increased 
treatment failure rates associated with BMI. Indeed, some 
authors would suggest that newer-generation lithotripters 
have lower success rates in overweight/obese patients (47%) 
compared to first-generation machines (87%). The overall 
success rates of the two lithotripters were 58% and 79% for 
the newer and traditional models.*° 

This has led some investigators to recommend percutane- 
ous nephrolithotomy (PCNL) as an initial approach to patients 
with a BMI > 50, in patients with an otherwise unfavorable 
body habitus, or in those patients who have failed two courses 


Table 60.2 Lithotripter specifications 
Manufacturer 


of ESWL with a remaining stone burden of >2 cm.’”*' As with 
nonobese patients, ESWL should not be performed in patients 
who have an uncontrolled coagulopathy, ureteral obstruction, 
untreated urinary tract infection, or are pregnant. 


60.6.3 Ureteroscopy 


Ureteroscopic stone surgery is often the treatment of choice 
for the morbidly obese. To paraphrase the late Joseph Segura, 
“The ureter is never fat.” Fortunately, ureteroscopic approaches 
and equipment need no modification in obese persons. The 
additional considerations for ureteroscopic stone removal in 
obesity are the presence of an anesthesiologist with experi- 
ence in administering anesthesia to obese patients and a table 
with sufficient weight capacity. Intraoperative fluoroscopic 
imaging may not be possible due to the size of the patient, 
though recent advances in operating room tables and C-arm 
technology have for the most part addressed this issue. 

Success rates for ureteroscopic lithotripsy and stone 
extraction vary from 50% to 92%.”* Though obesity is com- 
monly referenced as an indication for ureteroscopy, only one 
case-matched study has been reported to support favorable 
outcomes. Dash et al. found in a group of 16 morbidly obese 
patients that 83% had successful ureteroscopy; this success 
was equivalent to that seen in their non-obese patient popula- 
tion, and trended toward superiority for specifically larger 
stones >l cm in size.* 

Indications for ureteroscopy in obese patients are identi- 
cal to those for the nonobese and include qualities of renal 
anatomy, specific qualities of the patient making other tech- 
niques unfeasible (i.e., inability to tolerate the prone position 
for PCNL), and characteristics of the stone(s) (i.e., ureteral 
location or cystine composition). Indeed, the limitations of 
SWL in the morbidly obese and the limitations pertaining to 
PCNL (see the next section) lead to an expanded role for 
ureteroscopy in this patient population. 

The complications of ureteroscopic stone surgery are usu- 
ally minor and include pain and urinary tract infection. 
Rarely, a major complication is reported, such as retroperito- 
neal hemorrhage (in a patient with uncorrected coagulopa- 
thy) or ureteral stricture, perforation or avulsion.” There is 
no indication that procedure-specific complications are 
higher in the morbidly obese. 


Focal length (mm) 


Table weight limit 


Siemens Lithostar Modular 
Karl Storz Modulith 
Medstone STS 
HealthTronics Lithotron 

Dornier DoLi S 


155 300 
165 300 
153 350 
150 350 
150 300 
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60.6.4 Percutaneous Nephrolithotomy (PCNL) 


PCNL is generally an option pursued in those patients who 
have failed other minimally invasive approaches or have a 
stone type (cystine, calcium oxalate monohydrate) or size 
(>2 cm, staghorn) that dictates the use of PCNL. Patients, 
obese and nonobese, who are pregnant or have an untreated 
coagulopathy are not candidates for PCNL. PCNL has been 
described in morbidly obese patients with complication rates 
similar to the non-obese patient.***° The complications that 
potentially arise in PCNL include failed access, thoracic 
complications (pneumo/hydro/hemothorax), residual stone, 
postoperative pyrexia, prolonged nephrostomy drainage, 
hemorrhage (minor or major), ureteric obstruction, urinary 
retention, deep vein thrombosis, septic shock, and perfora- 
tion of the renal collecting system.™ 

In 1988, Carson et al. showed that PCNL could be used 
effectively in morbidly obese patients who surpassed the 
weight or size limit for the ESWL machine. The same has 
been reported by other authors in recent studies.*°*”** There 
does not appear to be as strong a correlation between BMI 
and PCNL failures as compared to ESWL failures.” 
El-Assmy et al. stratified 1,121 patients undergoing PCNL 
by BMI and found no association with success rates and 
complication rates. Pearle et al. reported on 96 PCNLs in 
patients with a BMI > 30, and reported an 88% success rate, 
with 14% complication and 9% blood transfusion rates. 
However, Faerber and Goh reported that though success rates 
were similar between obese and non-obese patients (82% 
versus 89%), hospital stays were longer (4.4 versus 3.5 days) 
and complication rates were higher (37% versus 16%). 

PCNL may fail for reasons similar to ESWL. The skin-to- 
stone distance may be greater than the standard nephroscope, 
making dissolution of the stone impossible without risk to the 
surrounding tissue.*' Therefore, this approach requires accu- 
rate measurement of the skin-to-stone distance using either 
ultrasound or computed tomography to allow the surgeon to 
make an informed decision about accessing the stone.*! In 
many obese patients, the standard method of percutaneous 
access may be sufficient, but the skin-to-stone distance in 
other patients may be too great for standard equipment. 

Various methods of improving access to renal calculi in 
an obese patient have been described. Curtis et al. described 
a “cut down” method in which a 12-cm skin incision is made 
through the subcutaneous tissue to the muscle sheath, thereby 
decreasing the distance from surface to stone.® After place- 
ment of an Amplatz sheath, the stone can then be accessed 
with a standard nephroscope. Grasso et al. has recommended 
the use of simultaneous retrograde flexible ureteroscope to 
facilitate placement of the percutaneous guide wires under 
direct visualization.” Another technique uses a two-stage 
approach in which a 10-12 F nephrostomy tube is initially 


placed and the tract is allowed to mature for | week. A flexible 
cystoscope is then used for secondary PCNL.®*! 

Although these techniques have been successful, the 
development of new equipment to address the issues of skin- 
to-stone distance now allows for a simpler approach. After 
obtaining renal access, an Amplatz sheath with a standard 
diameter (30 F) but increased length (24 cm) is used to main- 
tain access. Sutures may be placed on the external tip of the 
sheath for retrieval of the sheath as it is advanced into the 
subcutaneous fat. All manufacturers have replaced their stan- 
dard nephroscope working length (17—20 cm) with 25-cm 
working lengths to adapt to the increase in body habitus of 
our patients. The increased distance facilitates access to 
stones in most locations for the vast majority of morbidly 
obese patients and allows passage of standard ultrasonic lith- 
otripters for efficient fragmentation and extraction. Stone 
basket extraction of larger fragments is usually performed 
utilizing a Cook Perc-circle tipless nitinol basket on a rigid 
handle (Cook Urological, Spencer, IN). Flexible cystoneph- 
roscopes are particularly useful in the obese patient due to 
the additional working length. We prefer to use the holmium 
laser in conjunction with a tipless nitinol stone basket when 
using the flexible cystonephroscope. At the conclusion of the 
procedure, a Cope loop nephrostomy tube is left — Malecot 
type drainage tubes are prone to inadvertent dislodgement in 
obese patients. 


60.6.5 Recent Developments in Endourology 
in Obesity 


There are several reasons why obese patients may not toler- 
ate surgery such as PCNL or ureteroscopy, as have been 
mentioned previously. However, due to continued innovation 
in thought and technology, many of these concerns have been 
addressed. Previously, some obese patients had trouble in 
tolerating the prone position necessary for PCNL. Manohar 
et al. have recently described successful cases of PCNL per- 
formed in the supine position in morbidly obese patients.”! 
Also, obese patients with large renal stones formerly had dif- 
ficulty in undergoing multiple procedures or having com- 
plete resolution of stone burden. Mariani has described 16 
cases, of which 13 patients were obese, in which staged elec- 
trohydraulic and holmium: YAG laser ureteroscopic nephro- 
lithotripsy was performed. Flexible ureteroscopes were 
employed in these operations and were thought to function 
well for such cases. Outcomes were 100% successful and 
complications minimal (three patients with fever and one 
with pneumonia postoperatively).°* For those obese patients 
at high risk for perioperative morbidity, simultaneous bilat- 
eral retrograde intrarenal surgery can be performed by two 
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urologists so as to decrease operating time and potential 
anesthesia side effects.” Finally, Kanaroglou and Razvi 
report two cases of PCNL under intravenous (IV) and local 
anesthesia in order to remove risk of cardiorespiratory com- 
promise in two morbidly obese males.” 


60.7 Conclusions 


Obesity is likely to continue to affect an increasing number 
of patients throughout the world. Urologists will need to 
make advancements in diagnosis and in both conservative 
and surgical management of obese patients with stones. 
There are many promising prospects on these fronts, however, 
and research moves these possibilities steadily forward. 
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Dietary factors 
alcoholic beverages, 115-116 
animal protein, 668 
ascorbic acid, 119—120 
calcium, 119, 668-669 
carbohydrates, 117-118 
coffee and tea, 115 
fat, 118 
fluids, 667-668 
fruit juices, 114-115 
fruits and vegetables, 668 
magnesium and sodium, 119 
overweight, 120-121 
oxalate, 118-119, 669 
phytate and purines, 120 
protein, 116-117 
sodium, 668 
soft drinks, 115 
struvite stones, medical management 
of, 685 
urine dilution, 113-114 
urolithiasis prevalence, 113 
water, 116 
Dietary metaphylaxis, 688 
Dietary oxalate, 669 
Dietary sodium, 692 
Diet-induced urolithiasis, 386 
Dissolution 
cystine stone, 630-632 
for infection stones 
basic principle, 628 
diagnosis, 628 
staghorn stone, 629-631 
SWL, 629 
of uric acid stones, 632-634 
Dissolution therapy, struvite, 683 
Distal ureteral calculi, 498—500 
Dog urolithiasis 
calcium oxalate (CaOx), 138-140 
calcium phosphate crystals, 141—142 
canine form, 135, 136 
clinical presentation of, 134-135 
compound uroliths, 142 
cystine 
pathophysiology, 140-141 
treatment and prevention, 141 
drug metabolites, 142 
epidemiology 
calculi, 132, 133 
vs. cat, 131 
struvite, 131-134 
urate/uric acid, 132 
purine 
epidemiology, 139 


pathophysiology, 139-140 
treatment and prevention, 140, 141 
pyrophosphate and DSBC, 142 
silica crystals, 141 
struvite, 136-138 
urine composition, 135 


Donated kidney, 537-538 
Doppler effect, 321 
Dose-response study, 403 
D-penicillamine, 678 


Dried solidified blood calculi (DSBC), feline uroliths, 146 
Drug delivery, shock wave lithotripsy, 285-286 


Drug-eluting stents, 549 
Drug-induced stones, 232 


antacid, self-medication, 233 
ascorbic acid overdose, 233 
calcium-containing stones 


calcium and vitamin D supplementation, 231 


carbonic anhydrase inhibitors, 232 
furosemide, 232—233 
corticosteroid therapy, 233 
diagnosis and prevention, 234 
ephedrine, 231 
epidemiology, 226 
glaphenine, 231 
guaifenesin, 231 
magnesium trisilicate, 230-231 
mechanism, 225-226 
naftidrofuryl oxalate, 233 
oxypurinol, 231 
pathological conditions of, 234 
protease inhibitors, 227-229 
purine-containing stones, 233 


quinolones and aminopenicillins crstals, 229, 230 


risk factors, 226 
sulfonamides, 229, 230 
triamterene, 226-227 


Dual-durometer stents, 545 
Dual-lumen catheter, 560-561 
Dynamic/excretory MRU, 322-323 


E 


Economic implications 


calculation models for 
annual costs comparision, 248—249 


metabolic evaluation/metaphylaxis, 247-248 


stone removal, 247 
medical management, 246—247 
off work for, 249 
surgical management, 245-246 


Ectopic kidney, 491, 520 
Elective management, 333-336 


Electrohydraulic lithotripsy (EHL), 293-294, 503, 514-515 


Endemic bladder calculi. See Bladder calculi 
Endemic infantile bladder calculi, 415—416 
Endourology 


animal models, 582 


assessment and maintenance of certification, 584 


cadaveric anatomic materials, 582—583 
curriculum for 
learning with practice, 579-580 


urinary stone disease education strategies, 580 


material-based models, 580-582 
obesity, stone management in, 703-704 
simulators for teaching endourology 
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PercMentorO, 583—584 
UroMentorO, 583 
surgical training and, 578 
Enteric hyperoxaluria, 69 
Enzyme replacement therapy (ERT), primary hyperoxaluria 
treatment, 202 
Enzymuria, 388 
Epidemiology 
incidence, 4 
prevalence, 3—4 
recurrence rates, 4 
risk factors 
dietary factors, 5—6 
non-dietary, 4-5 
urinary factors 
hypercalciuria, 6-7 
hyperoxaluria and hypocitraturia, 7 
Erbium: YAG laser, 315 
ESWL. See Extracorporeal shock wave lithotripsy 
Ethanol intake, 116 
Extended pyelolithotomy, 595 
Extracorporeal shock wave lithotripsy (ESWL). See also Shock wave 
lithotripsy 
amplitude, 255 
asymptomatic stones, 433—435 
contraindications, 433 
energy transmission failure, 434 
large stone size, 434 
stone fragmentation failure, 434 
success rates, 434—435 
characteristics, 265 
clinical factors 
endpoint, 273-274 
generator voltage process, 272-273 
propagation and coupling, 271 
pulse rate, 272 
stone localization and positioning, 271-273 
tissue trauma avoidance, 274 
comparison of, 274-275 
development of, 264 
Dornier HM3, 431 
essential parts, 266 
Fourier analysis, 255-256 
fragmentation 
dynamic fatigue, 270-271 
dynamic squeezing, 270 
squeezing and spallation, 269, 270 
frequency, 255 
functional modality 
acoustic energy, 266-267 
shaping wave focus, 267—269 
lithotripter shock waves 
attenuation of, 261 
generators, 256-258 
parameters of, 258-259 
pressure profile, 259-261 
wave formation, 258 
longitudinal waves, 254 
mechanical waves, 253—254 
obesity, stone management, 701-702 
piezoelectric machines, 432 
power of a wave, 256 
refraction and reflection, 256 
second-generation lithotripters, 431 
short-term effects, 433 
side effects, 264 


staghorn calculi, 432 
stone localization, 264 
transverse waves, 254 
treatment strategies, upper urinary tract, 276 
variety of, 264-266 
wavelength and wavefront, 255 
Extrarenal injury, SWL, 460 


F 
Fat intake, 118 
Feline uroliths 
calcium oxalate (CaOx), 144-145 
calcium phosphate, 146 
cystine, 146 
dried solidified blood calculi (DSBC), 146 
drug metabolite, 147 
potassium magnesium pyrophosphate, 146 
purine 
epidemiology, 145, 146 
pathophysiology, 147 
treatment and prevention, 147 
struvite, 142-143 
Fertility, SWL effects on, 460 
Fibronectin (FN), 50 
Fixed particle theory, CaOx crystallization, 33 
Flexible ureterorenoscopy 
antegrade, 571, 574 
asymptomatic stones, 435—436 
caliceal diverticulum, management of, 571, 573 
clotting technique, 568—569 
different possible configurations 
automatic high-pressure machine, 560 
high pressure with syringe, 559 
hydrostatic pressure, 558 
manual high pressure, 558 
pressure cuff, 558, 559 
fragmentation techniques, 567-568 
irrigation techniques, 557-558 
lower-pole calculi, management of, 566-567 
operating theater and patient positioning 
general layout, 553-554 
irrigation tube, optic, and camera, 557 
lateral decubitus position, 554 
operating area setup, 556-557 
operating table, guide wire, and laser unit, 
554-557 
surgeon position, 554 
trendelenburg position, 554 
renal caliceal cavities examination 
left, 564-565 
right, 564, 565 
retrograde endopyelotomy, 571 
safety guide wire insertion 
cystoscope, 560, 561 
dual-lumen catheter, 560-561 
ureteral access sheath, 561—562 
stone fragment accumulation, prevention of, 571, 572 
stone removal techniques 
captured stone hemmed-in in ureter, 569-570 
nitinol basket, 569, 570 
by trapping, 569, 570 
synergy laser-ureterorenoscope 
holmium-YAG laser, 566 
laser fiber fixed by seal, 566, 567 
laser fiber not fixed by seal, 566 
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ureteral access sheath 
insertion of, 563-564 
roles and advantages of, 563 
ureterorenoscope, insertion of, 562-563 
urothelial tumor management, 574-575 
Flexible ureteroscopy, 437 
Fluoroscopy 
percutaneous puncture, 484—486 
residual stones access, 336-337 
stone localization, 271 
SWL treatment, 456 
Fluoroscopy-guided puncture, 484-486 
Fourier analysis, extracorporeal SWL, 255-256 
FREDDY laser fragments, 304, 314 
Free particle theory, CaOx crystallization, 32-33 
Frequency doubled, double-pulse ND: YAG (FREDDY) laser, 503 
Furosemide, 232-233 
Fused kidney, 520 


G 
Gas lasers, 302 
Gene delivery, shock wave lithotripsy, 285-286 
Genetics 
Arg990Gly polymorphism, 12 
CaSR gene analysis, 11-12 
chromosomal loci, 10 
cosegregation, 9-10 
epigenetics, 13 
knockout mice analysis 
Caveolin-1, 12 
hyper-calciuria (HHRH), 12-13 
NPT2 transporter/carrier, 12-13 
single-base polymorphisms, 10 
VDR gene analysis, 11 
Gil- Vernet. See Extended pyelolithotomy 
Glaphenine, 231 
Glycosaminoglycans (GAGs), 41—42, 94 
Grapefruit juice, 114 
Graspers, stone retrieval device, 502 
Grooved stents, 545 
Guaifenesin, 231 


H 
Heparan sulfate (HS), 41-42 
Heparin, 42 
Hepatocyte transplantation, primary hyperoxaluria treatment, 203 
Heterogeneous nucleation, 23-24 
High-fidelity simulators, 580 
High protein diet model, 386 
Holmium-YAG laser, 566 
Holmium:yttrium:aluminum: garnet (Ho:YAG) laser, 304—306, 314 
Homeostasis, uric acid metabolism, 185-186 
Homogeneous nucleation, 22-23 
Horseshoe kidneys, 491-492 
Human serum albumin (HSA), 49-50 
Hyaluronic acid (HA), 42 
Hydroxyproline (HP), 386 
Hypercalciuria 
absorptive 
causes, 161 
potassium phosphate, slow-release, 163—164 
thiazide, 163 
type I and type II, 161 
cell damage, crystal adherence, 97 


definition, 6-7 
dietary assessment, 690 
genetic factors, 154 
24-h urine collections, 662 
metabolic factors, 423-424 
pathogenic factor, 152 
renal 
calcium concentration, 162 
thiazide diuretics, 164 
resorptive, 162 
treatment, 427 
VDR 
bone loss, 176-177 
peripheral blood mononuclear cells (PBMC), 175 
in rat model, 177 
skin fibroblasts, 175-176 
vitamin D metabolism, 174—177 
Hyperoxaluria 
bariatric surgery effects on, 128 
Caox crystallization, 384 
cell damage, crystal adherence, 96—97 
definition, 7 
dietary assessment, 689-690 
enteric, 69 
genetic factors, 154 
metabolic factors, 424-425 
mild, 69 
pathogenic factor, 152 
primary, 68-69 
treatment, 427 
Hyperparathyroidism 
parathyroidectomy, 164 
pathogenic factor, 152 
Hyperphosphaturia, 98 
Hyperuricosuria 
cell damage, crystal adherence, 98 
dietary assessment, 690-691 
genetic factors, 154 
pathogenic factor, 152 
uric acid metabolism, 188 
Hypocitraturia 
citrate metabolism, 182-183 
definition, 7 
genetic factors, 154 
nutritional factors, 690 
pathogenic factor, 152 
Hypomagnesuria, 690 


l 
Idiopathic calcium stone disease 
dietary factors, 667—669 
pharmacological therapy 
allopurinol, 671 
orthophosphates, 671 
potassium citrate, 670 
thiazides, 670 
Ileal ureter, 602—603, 605-608 
Imaging techniques. See also specific techniques and diseases 
abdominal radiograph, 319-320 
anatomy determination, 331-333 
assessing stone burden and distribution, 330-331 
computed tomography (CT), 321-322 
disease diagnosis 
abdominal film, 323-325 
computed tomography, 328-329 
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fluoroscopic studies, 330 
intravenous urogram (IVU), 323, 325-326 
isotope renography, 330 
magnetic resonance imaging (MRI), 329-331 
ultrasound (US), 325-328 
fluoroscopic studies, 323 
intravenous urography, 320 
isotope renography, 323-324 
kidney function evaluation, 337 
magnetic resonance imaging, 322-323 
planning 
acute management, 333 
elective management, 333-336 
results evaluation 
postoperative complications, 336 
residual stones detection, 336-337 
ultrasound (US), 320-321 
Infrared spectroscopy, 347-350 
Inhibitors, CaOx crystallization 
citrate, 40 
glycosaminoglycans (GAGs), 41—42 
magnesium, 39-40 
phytic acid, 40-41 
pyrophosphate, 38-39 
urine effect, 36, 50 
Inner medullary collecting duct (IMCD), crystal adherence 
specificity, 92-96 
Inorganic crystalline substances, 351 
Insulin resistance, 126-127 
Intention-to-treat principle, 401 
Inter-c(alpha)-inhibitor (Ial) 
effects on, 48 
expression, 48—49 
urinary excretion, 49 
Interim analysis, 402 
Intracorporeal nonlaser lithotripsy 
ballistic/pneumatic lithotripsy, 295-296 
combined lithotripsy of, 296-297 
contact ballistic lithotripsy (LMA), 297-298 
electrohydraulic lithotripsy, 293-294 
electrokinetic lithotripsy, 297 
ultrasonic lithotripsy, 294-295 
Intracrystalline proteins, CaOx crystals, 37-38 
Intravenous urography, 593 
Intravenous urography (IVU), 320, 323, 325-326, 529-530 
Isotope renography, 323-324, 330 


K 
Kaplan-Meier survival plot, 620 
Kidney function evaluation, 337 


L 
Laparoscopic nephrolithotomy, 437 
Laser lithotripsy 
amplification of, 301 
dye lasers, 302 
emission mode of 
continuous wave, 312-313 
pulsed process, 312 
fibers, 313 
FREDDY laser fragments, 304 
gas lasers, 302 
Ho:YAG laser fragments, 304-306, 503 
light-tissue interaction, 311-312 


optical fibers, 306-308 
photoacoustic lasers 
FREDDY laser, 314 
pulsed dye, 313 
photothermal 
erbium: YAG laser, 315 
holmium:yttrium:aluminum:garnet laser, 314 
principle and process, 301 
pulsed dye lasers, 304 
solid-state lasers, 302 
technical requirements for, 311 
tissue interaction 
photochemical interactions, 302-303 
photomechanical laser ablation, 303-304 
photothermal interaction, 303 
Laser-ureterorenoscope 
holmium-YAG laser, 566 
laser fiber fixed by seal, 566, 567 
laser fiber not fixed by seal, 566 
Laxative abuse, 233 
Lipotoxicity, 190 
Lithoclast, 295-296 
Lithoscreen scheme 
dietscreen, 647 
metascreen, 645, 646 
patientscreen, 644—646 
stonescreen, 646 
urinescreen, 646, 647 
Lithotripter shock waves 
attenuation of, 261 
generators 
components, 256-257 
electromagnetic systems, 257-258 
techniques, 257 
parameters of, 258-259 
pressure profile, 259-261 
wave formation, 258 
Liver transplantation, primary hyperoxaluria, 619—620 
Longitudinal data analysis, 402 
Longitudinal waves, extracorporeal SWL, 254 
Loop of Henle, 376, 379 
Low-fidelity simulators, 580 


M 
Macromoleculuria, 66-68 
Magnesium 
CaOx crystallization, 39-40 
dietary role, 119 
normal levels, 373 
Magnesium ammonium phosphate crystals, 222 
Magnesium trisilicate, 230-231 
Magnetic resonance imaging (MRI), 322-323, 329-331 
Magnetic resonance urograms (MRUs), 322, 329, 330, 529 
Magnetic-tipped stents, 545-546 
Matrix stones, morphology, 343 
Medical expulsive therapy 
pharmacological agents, effect of 
alpha-1A-adrenoceptor antagonists, 653-655 
calcium channel antagonist, 652-653 
meta-analysis, 655, 656 
methods, 651—652 
nifedipine vs. tamsulosin, 655 
NSAIDs, 652 
role of steroids, 655—656 
ureteral smooth muscle relaxation, 651 
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Meshed stents, 545 
Metabolic stone disease 
clinical presentation, 423 
diagnostic evaluation, 426-427 
24-h urine collections 
basing therapy, 661—662 
calcium oxalate stone, 663 
dietary or pharmacologic manipulation, 662 
hypercalciuria, 662 
supersaturation, 663 
urine volume, 663 
metabolic factors 
cystinuria, 425 
hypercalciuria, 423-424 
hyperoxaluria, 424-425 
hyperuricosuria, 425 
pathophysiology, 421-423 
of stone formers 
history, 660-661 
laboratory evaluation, 661 
treatment, 427-428 
Metabolic syndrome, 126-127 
Metallic biomaterials, stents, 544 
Mild hyperoxaluria, 69 
Minimally invasive techniques. See also specific techniques 
ESWL, 431-433 
PCNL, 433-435 
ureteroscopy, 435—437 


N 
Naftidrofuryl oxalate, 233 
Nephron, crystallization in 
experimental studies, 376-377 
intratubular events, 378-379 
in vivo data, 377—378 
Nephrostomy, 434—436, 488-490, 581-582, 683, 703-704 
Newberyite, 342 
Nifedipine vs. tamsulosin, 655 
Non-steroidal anti-inflammatory drugs (NSAIDs), 652 
Nucleation, uro-crystallization 
crystal-cell interaction, 88 
definition, 21—22 
heterogeneous, 23-24 
homogeneous, 22-23 
metastable limit and induction time, 24—25 


(0) 
Obesity 
bariatric surgery and calcium oxalate 
epidemiology, 127 
hyperoxaluria pathogenesis, 128 
renal complications, 127—128 
body mass index (BMI), 125-126 
conservative therapy 
bariatric surgery, 700-701 
diet, 699 
imaging, 699-700 
medication, 698-699 
epidemiology 
calcium oxalate and uric acid stones, 696 
in children and adolescents, 696 
United States, 695 
Worldwide, 696 
pathophysiology, 126 


PCNL, 492 
retrograde intrarenal surgery, 520 
risk factors 
diet, 697 
general, 696-697 
mechanism, 697—698 
urinary metabolic factors, 697 
surgical therapy 
endourology, 703—704 
extracorporeal SWL, 701-702 
general considerations, 701 
PCNL, 703 
ureteroscopy, 702 
Open stone surgery 
endourology, 591 
guidelines for, 592-593 
indications for, 591-593 
preoperative diagnostics, 593 
stone removal 
anatrophic nephrolithotomy, 596 
approach, 594 
cold ischemia, 594 
extended pyelolithotomy, 595 
partial nephrectomy, 597-598 
pyelonephrolithotomy, 595 
radial nephrotomy, 596-597 
simple pyelolithotomy, 594-595 
Optical fibers 
buffer, 307 
core materials, 306-307 
laser beams, 307—308 
positioning of, 308 
subminiature version A (SMA) connector, 307 
Oral alkali treatment, 677 
Orange juice, 114 
Organic crystalline substances, 351 
Orthophosphates, 671 
Osteopontin 
effects and expression, 46 
secretion, 45 
urinary excretion, 46 
Osteopontin, crystal adherence, 94-95 
Oxalate, 5—6, 372 
Oxalate degrading bacteria, 153 
Oxalate metabolism 
metabolic pathways, 195, 196 
precursors of, 195 
primary hyperoxaluria (PH) 
diagnosis, 201 
molecular etiology, 197-201 
pathophysiology, 196-197 
treatment, 201-203 
sources of, 195 
Oxalobacter formigenes, 386-387 
Oxaluria, 65—66 
Oxypurinol, 231 


P 
Papillary calcification, 103—104 
Parathyroid 

calcium metabolism, 160—161 

vitamin D metabolism, 173 
Partial nephrectomy, 597-598 
PCNL. See Percutaneous nephrolithotomy 
Pediatric PCNL, 492-493 
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Pediatric urolithiasis 
non-western countries 
Algeria, 417 
Arabian Peninsula, 417-418 
Australia, 418 
carbohydrate intolerance, 418 
cystinuria, 418 
endemic infantile bladder calculi, 415-416 
endemic urolithiasis, 417 
India, 416 
Indonesia, 416 
Israel, 418 
Japan, 418 
Sudan, 417 
western countries 

Denmark, 411 
England, 411 
Europe, 410-411 
France, 412 
Germany, 411-412 
Iceland, 414 


Peyronie’s disease, 285 
Pharmacological therapy 


allopurinol, 671 
alpha-1A-adrenoceptor antagonists, 653-655 
calcium channel antagonist, 652—653 
cystine stones 

ascorbic acid, 679 

chelating agents, 678-679 

oral alkali treatment, 677 
meta-analysis, 655, 656 
methods, 651—652 
nifedipine vs. tamsulosin, 655 
NSAIDs, 652 
orthophosphates, 671 
potassium citrate, 670 
role of Steroids, 655—656 
thiazides, 670 
uric acid stones, 674-675 


Photoacoustic lasers 


FREDDY laser, 314 
pulsed dye, 313 


Italy, 411 

ketogenic diet, 410 

melamine, 410 

portugal, 412-415 

Spanish study, 411 

stone episode vs. stone recurrence, 413 
Ukraine, 412 

univariate analysis, 413 

USA, 415 


Pelvic kidney, 518 
PercMentorO, 583-584 
Percsys Accordiona, 504 


Photochemical interactions, 302—303 
Photomechanical laser ablation, 303—304 
Photothermal laser 

erbium: YAG laser, 315 


holmium:yttrium:aluminum:garnet laser, 314 


Phytic acid, 40-41, 120 

Pneumatic lithotripsy, 295-296 
Polarization microscopy, 346-347 
Potassium, 373 

Potassium citrate, 670 

Pregnancy and urolithiasis management 


anatomical and physiological changes in, 526 


Percussion, diuresis and inversion (PDI) therapy, 463 
Percutaneous cystolithotripsy (PCCLT), 242 
Percutaneous nephrolithotomy (PCNL) 
asymptomatic stones, 436-437 
bilateral stone disease, 491 
calyceal anatomy, 481-482 
complications, 435, 490-49 1 
cystinuria, 213 
dilator system, 433-434 
ectopic kidneys, 491 
horseshoe kidneys, 491—492 
nephrostomy, 488—490 
nephrostomy tube, 434 
obesity, 492 
obesity, stone management, 703 
operative technique 
antegrade needle access, 484 
balloon dilatation, 487 
fluoroscopy-guided puncture, 484-486 
Mini-Perc, 487 
serial dilators, 486-487 
tract dilatation, 486 
ultrasound, 484, 485 
ureteric catheter placement, 483-484 
urologist or radiologist, 484 
pediatric, 492-493 
preoperative assessment, 483 
stone clearance, 488 
success rates, 434 
supracostal punctures, 434 
technique, 433 
transient fever, 435 
transplanted kidney, 540-541 
urolithiasis, in pregnancy, 531 


asymptomatic stones management, 533-534 
clinical presentation, 528 
conservative treatment, 530 
diagnostic imaging during, 533 
fetal considerations 
analgesics and antibiotics, 527—528 
radiation exposure, 526-527 
general effects of, 526 
imaging modalities, 528-530 
CT scan, 529-530 
intravenous urogram (IVU), 529 
radionuclide renography, 530 
US and MRI, 528-529 
loin pain in, 528 
outcome and complications of, 532-533 


stone disease management, algorithm for, 531-532 


surgical treatment, 530-531 
treatment algorithm, 531-532 


Primary hyperoxaluria (PH) 


clinical management, 618 

definition, 617 

diagnosis, 201, 617 

The European PH 1 transplant registry 
patients, 622-624 
results/outcomes, 622—623 

molecular etiology 
crystal structures of, 197, 198 
enzyme and metabolic defects, 197 


genes, mutations, and polymorphisms, 197—199 


genotype vs. clinical phenotype, 201 


genotype vs. enzyme phenotype, 198-201 


oxalate metabolism, 617, 618 
pathophysiology, 196-197 
transplantation, 618—621 
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Primary hyperoxaluria (PH) (cont.) 
treatment 
chemical chaperones, 203 
enzyme replacement therapy (ERT), 202 
hepatocyte transplantation, 203 
Oxalobacter formigenes, 203 
pyridoxine administration, 201—202 
Prothrombin fragment | (PTF1), 378, 379 
effect on, 47 
expression, 47—48 
urinary excretion, 48 
Pulsed dye laser, 313 
Purines, 120 
Pyelonephrolithotomy, 595 
Pyrophosphate, 38-39 
Pyrophosphaturia, 66 


Q 
Quinolones crystals, 229, 230 


R 
Race and ethnicity, role in nephrolithiasis, 4 
Radial nephrotomy, 596-597 
Radiation-induced fetal malformation, 526, 527 
Radionuclide renography, 530 
Randall’s plaque 
calcified vesicles of, 99 
crystal adherence specificity, 93-94 
hypothesis of, 103-104 
implications, 111 
interstitial precipitation, 88 
origin of, 106-107 
papillary calcifications, 103—104 
pathogenic factor, 154-155 
risk factors, 109-111 
stone forming mechanism 
anchoring point for, 107 
carbapatite, 108 
lithogenic mechanism, 107—108 
micro CT examination, 108—110 
SEM examination, 108, 109 
and umbilicated calculi prevalence 
papillary origin, 104 
types, 104-106 
Whewellite stone, 104 
Recurrence rate. See Time to failure 
Relative supersaturation (RSS), 362 
Renal autotransplant, 603—605, 611-612 
Renal calyceal anatomy, 481—482 
Renal cellular dysfunction 
crystallization of, 62 
extrinsic factors 
CaOx crystals deposition, 69-70 
enteric hyperoxaluria, 69 
epithelial cell damage, 69 
mild hyperoxaluria, 69 


modulators, inflammation, and fibrosis, 73-75 


nucleation of, 70, 71 

primary hyperoxaluria, 68—69 

retention of, 70-73 

shock wave lithotripsy (SWL), 75 
intrinsic factors 

calciuria, 62—65 


citraturia, 66 
macromoleculuria, 66-68 
oxaluria, 65-66 
pyrophosphaturia, 66 
signaling pathways, 78 
angiotensin II, 76 
cilial activity, 75 
crystal-induced inflammation, 76 
diphenyleneiodonium, 76—77 
p47" expression, 77 
ROS activation, 76 
stone nidus formation, 77—78 
supersaturation of, 62, 79-80 
Renal lipotoxicity, 190 
Renal pelvis stones, 515-516 
Residual stones detection, 336-337 
Retrograde endopyelotomy, 571 
Retrograde intrarenal surgery (RIRS) 
calyceal stones, 516 
complications 
management, 522, 523 
prevention, 520-521 
contraindications for, 511 
current indications for, 510-511 
differential indications, 509-510 


electrohydraulic and laser technology, 514-515 


essential procedural steps, 513 
flexible ureterorenoscopy, 514 


intrarenal stenosis and calyceal diverticulua, 516-518 


preparation for 
anesthesia, 511-512 
equipment and instruments, 512 
patient preparation, 511 
procedure considerations, 513 
renal pelvis stones, 515-516 
stone composition, 515 
upper tract endoscopy and, 510 
upper urinary tract access for 
technique, 513 
upper urinary tract dilation, 513-514 
Retrograde ureteroscopy, 540 
Rigid ureterorenoscopy, 435-436 
Rimatil®. See Bucillamine 
Risk indices 
benefits and limits, 365 
for calcium oxalate formation 
complex combined parameters, 359 
ESWL, 356 
examples, 357 
iterative model calculations, 358—359 
simple ratios, 358 
single quantities, 358 


in vitro crystallization experiments with native urine, 


359-360 
selected data set 
complex combined parameters, 363 


discriminatory and predictive power, 363-365 


iterative model calculations, 362-363 


mean values, median values, and standard deviations, 360 
receiver operating characteristics (ROC) graphs, 361-362 


simple ratios, 362 
single quantities, 361-362 
statistical key characteristics, 360 


in vitro crystallization experiments with native urine, 363 


Roux-en-Y-gastric bypass (RYGB), 127 
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S 
Safety guide wire, flexible ureterorenoscopy 
insertion of 
cystoscope, 560, 561 
dual-lumen catheter, 560-561 
ureteral access sheath, 561-562 
operating setup, 554, 556 
Sample size formulas, 403 
Scintigraphy, 593 
Sequential transplantation, 621 
Serial dilators, 486-487 


Shock wave lithotripsy (SWL). See also Extracorporeal shock wave 


lithotripsy (ESWL) 
adverse bioeffects 
bowels, 283 
cardiovascular system, 282 
lung and liver, 282 
pancreas, 282-283 
pediatric patients, 282 
pregnancy, 283 
renal complications, 280-281 
ureter, testes and ovaries, 283 
anesthesia, 456 
bladder calculi, 242 
in children, 464 
complications 
fertility, 460 


incomplete stone fragmentation, 458-459 


infections, 459 
tissue damage, 460 
contraindications, 457-458 
cystinuria, 212 
imaging for, 456 
improving success rate of, 462-463 
indication for, 457 
obesity and, 462 
pacemakers and ICD, 464 
physics of, 455-456 
predictive clinical outcome factors 
obesity and SWL, 462 
renal abnormalities and SWL, 462 
stone burden, 461 
stone composition/density, 462 
stone position, 461 
in pregnancy, 464 
renal cellular dysfunction, 75 
stent use in, 547 
success rates of, 463 
therapeutic applications 
bactericidal effect, 286-287 
bone and tissue healing, 283-285 
gene and drug delivery, 285-286 
transplanted kidney, 539-540 
for ureteral stones 
clinical efficacy, 474-475 
complications and side effects, 475 
contraindications, 470 
cost, 475-476 
extrinsic factors, 473-474 
indications, 469-470 
intrinsic factors, 470-472 
patient factors, 472-473 
quality of life, 475 
retreatment, 476 
for uric acid stones, 463—464 
Simple pyelolithotomy, 594-595 


Single-base polymorphisms, 10 

Sodium consumption, 119 

Sodium excretion, 373 

Solitary kidney, 518 

Sonography, 593 

Spiral stents, 545 

Sprague-Dawley rats, 384, 385, 387 
Squeezing method, shock wave, 269-271 
Staghorn calculi, 222-223, 433 


Stents 


advances in, 549 
complications, 548-549 
design 


dual-durometer stents, 545 
grooved stents, 545 
magnetic-tipped stents, 545-546 
meshed stents, 545 

spiral stents, 545 

stent coatings, 546 

tail stents, 545 


history of, 543-544 
indications 


for drainage, 547 
post-ureteroscopy, 547-548 
use in SWL, 547 


materials, 544-545 

Steroids, 655-656 

Stone clinic 
additional requirements, 643 
classification of stone patient, 643 
diagnosis, 642 


epidemiological factors, urinary stone formation, 647—648 


ideal site for, 643 
lithoscreen scheme 


dietscreen, 647 
metascreen, 645, 646 
patientscreen, 644—646 
stonescreen, 646 
urinescreen, 646, 647 


stone recurrence 


prevention, 648-649 
rate, 642 


Stone Cone™, 504 
Stone recurrence predictive score (SRPS), 366 
Stone removal techniques 

economic implications, 245-247 

flexible ureterorenoscopy 


captured stone hemmed-in in ureter, 569-570 
nitinol basket, 569, 570 
by trapping, 569, 570 


Stone retrieval devices, 502 

Stone retropulsion, 504 

Struvite urinary stones 
AUA definition of, 218 
bacteriology, 682 
bacteriology, proteus species, 218—221 
calculogenesis mechanism, 220 
clinical manifestations 


clinical presentation, 222-223 
epidemiology, 222 


magnesium ammonium phosphate crystals, 222 


staghorn calculi, 222-223 


definition, 681 
discovery, 217 
dog 


epidemiology, 136 
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Struvite urinary stones (cont.) 
pathophysiology, 136-137 
treatment and prevention, 137—138 
epidemiology, 682-683 
feline uroliths 
epidemiology, 142, 143 
pathophysiology, 142-143 
treatment and prevention, 143 
urinary plugs, 143 
frequency of occurrence, 342 
infared spectra, 347, 350 
matrix and its role, 221 
medical management of 
acidification, 684 
antimicrobials, 684—685 
diet, 685 
dissolution therapy, 683 
urease inhibitors, 684 
mineral composition, 219-220 
morphology, 343-344 
pathogenesis, 68 1-682 
polarization microphotographs, 346, 348 
urease and its role, 221 
urinary stasis, 221—222 
X-ray diffractograms, 347, 351 
Subgroup analyses, 401—402 
Sulfonamides, 229, 230 
Sunscreens, cutaneous vitamin D, production, 170 
Supersaturation 
different states, 18-19 
equations of, 19-20 
estimation of, 20 
24-h urine collections, 663 
renal cellular dysfunction, 62, 79-80 
Surgical management, economic implications, 245—246 
Synthetic GAGs, 42 
Systemic inflammatory response syndrome (SIRS), 490 


T 
Tail stents, 545 
Tamm-Horsfall glycoprotein (THG), 386 
abundance, 44 
effects on, 44-45 
expression, 45 
structural features, 45 
urinary excretion, 45 
Tamsulosin 
alpha-1 A-Adrenoceptor antagonists, 653—654 
meta-analysis, 655, 656 
vs. nifedipine, 655 
Tea intake, 115 
Technetium-99 m mercaptoacetyltriglycine (MAG,), 323, 333, 334, 337 
Teratogenesis, 526, 527 
Texture, 344-345 
The European PH1 transplant registry, 622-624 
Thiazides, 163, 670 
Thiola®. See Alpha(o.)-mercaptopropionylglycine 
Time to failure, 404 
Tissue-engineered stents, 549 
Tissue healing, shock wave lithotripsy 
chronic ulcers, 283 
fracture, 284 
mechanisms of, 284—285 
orthopedic disorders, 284 
Peyronie’s disease, 285 


Transplantation. See also Autotransplantation 
kidney 
clinical manifestations, 538-539 
de novo formation, 538 
donor kidney, 537-538 
ESWL and RIRS, 518-519 
observation, 539 
percutaneous nephrostolithotomy, 540-541 
retrograde ureteroscopy, 540 
shockwave lithotripsy, 539-540 
primary hyperoxaluria 
auxiliary liver, 621 
combined liver/kidney, 619-620 
isolated renal, 618-619 
liver, 620 
in PH2, 621 
postoperative supportive therapy, 621 
sequential, 621 
Transverse waves, extracorporeal SWL, 254 
Triamterene, 226-227 


U 
Ultrasonic lithotripsy, 294-295 
Ultrasound-guided percutaneous renal access, 484, 485 
Ultrasound (US) imaging, 320-321, 325-328, 456, 529. See also 
Shock wave lithotripsy 
Umbilicated calculi 
papillary origin, 104 
types, 104-106 
Upper urinary tract access 
dilation methods, 513-514 
retrograde intrarenal surgery, 513 
Urease inhibitors, 684 
Ureteral access sheath (UAS) 
insertion of, 563, 564 
roles and advantages of, 563 
for safety guide wire insertion, 561-562 
Ureteral avulsion, 505 
Ureteral calculi 
clinical efficacy, 474-475 
complications and side effects, 475 
contraindications, 470 
cost, 475-476 
extrinsic factors 
adjuvant medical therapies, 473-474 
lithotriptor type, 473 
treatment parameters, 473 
indications, 469-470 
intrinsic factors 
composition, 471 
impacted/obstructing stones, 471-472 
location, 471 
size, 470-471 
patient factors 
body habitus, 472 
positioning, 472 
stone localization, 472-473 
quality of life, 475 
retreatment by, 476 
ureteroscopy, 498 
Ureteral stents, pregnancy with urolithiasis, 531 
Ureteral strictures, 504 
Ureteric catheter placement, 483-484 
Ureterolithotomy, 437, 447, 470, 474 
Ureterorenoscopy, 435—436. See also Flexible ureterorenoscopy 
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Ureteroscopy (URS) Urinary supersaturation. See Supersaturation 
assistive devices, 503-504 Urine alkalinization, cystinuria treatment, 212 
complications, 436-437, 504-505 24-h Urine collections 
cystinuria, 212 basing therapy, 661—662 
distal ureteral calculi, 498—500 calcium oxalate stone, 663 
failures of, 436 dietary or pharmacologic manipulation, 662 
intracorporeal lithotrites, 503 hypercalciuria, 662 
postoperative stents, 436 supersaturation, 663 
pregnancy with urolithiasis, 531 urine volume, 663 
rod-lens ureteroscope, 497 Urine culture, 593 
stents, 547-548 Urine tests, 370-371 
stone retrieval devices, 502 Uro-crystallization. See also Calcium oxalate crystallization; 
technique, 435 Crystallization 
types, 436 aggregation, 26-27 
upper/proximal ureteral stones, 500-502 aging, 28 
ureteral calculi, 498 crystal growth, 25-26 

Uric acid lithiasis, 427 definition, 18 

Uric acid stone disease morphology, 28 
clinical presentation, 673-674 nonclassical process, 27—28 
diagnosis, 674 nucleation, 21—25 
dietary assessment and advice promotion/inhibition, 28 

acidic urinary pH, 691 solubility, 20-21 
hyperuricosuria, 690-691 supersaturation, 18—20 
low urine volume, 691 Urolithiasis 
differential diagnosis, 674 in pregnancy 
dissolution of, 632—634 clinical management options, 530-534 
epidemiology, nephrolithiasis, 185 clinical presentation, 528 
etiology, 187 fetal considerations, 526-528 
frequency of occurrence, 342 general effects of, 526 
homeostasis, 185-186 imaging modalities, 528-530 
infared spectra, 347, 350 transplanted kidney management, 537-541 
morphology, 343-344 UroMentorO, 583 
normal levels, 372-373 Urothelial tumor management, 574-575 
obesity, management of, 696 
pathophysiology 
acidic urine pH, 188 Vv 
hyperuricosuria, 188 Vitamin B6, role in nephrolithiasis, 6 
impaired ammonium excretion, 188—189 Vitamin C, role in nephrolithiasis, 6 
increased endogenous acid production, Vitamin D 
189, 190 biologic functions 
low urine volume, 187—188 intestine and bone, 172-173 
renal lipotoxicity, 190 parathyroid gland, 173 
physicochemical properties of, 187 calcium metabolism, 161 
polarization microphotographs, 346, 348 catabolism of, 172 
renal mechanism cutaneous production, 170 
reabsorption, 186 discovery and isolation, 170-171 
secretion of, 186—187 1,25(OH), D production, 171 
treatment, 674-675 etiology, stone disease 
X-ray diffractograms, 347, 351 hypercalciuria, 174-177 

Urinary acidification, 692 serum concentrations, 173—174 

Urinary pH, 372 25-hydroxylation, 171 

Urinary stasis, struvite urinary stones, 221—222 manufacture, 170 

Urinary stone analysis regulation of, 172 
combined analysis, 347—349, 352 role in, 169 
components structures, 170 


core-shell relations, 345—346 
frequency of occurrence, 341-343 


mineralogical and chemical composition, 341-342 Ww 
morphology and structure, 343-344 Water intake, 116 
texture, 344-345 Weddellite stones 
methods infared spectra, 347, 350 
infrared spectroscopy, 347-350 morphology, 343-344 
polarization microscopy, 346-348 polarization microphotographs, 346, 348 
types, 346 X-ray diffractograms, 347, 351 
X-ray diffraction, 347, 350-352 Western countries, pediatric urolithiasis, 


purposes and problems, 346 410-415 
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Whewellite stones X 
core-shell relations, 345—346 X-ray diffraction, 225, 226, 234, 265, 
infared spectra, 347, 350 346-352, 593 


morphology, 343—344 

occurrence frequency, 341 

polarization microphotographs, 346, 348 Y 

Randall’s plaque, 104 Yang-Monti technique, 605, 606, 
X-ray diffractograms, 347, 351 611, 614 


